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REMARKS 

Claims 20, 22-24, 26, 31, and 34 were pending in the subject application. Claim 39 has 
been added, while two finally rejected claims have been canceled (claims 26 and 34) without 
prejudice to applicant's right to pursue the subject matter of these claims in another application. 
Support for the newly added claims may be found, inter alia, in originally-filed claim 19. In 
addition, applicant respectfully notes that independent claims 20 and 31 have been amended. 
Support for this amendment may be found, inter alia, on page 2, lines 7-1 1 of the originally-filed 
specification. This amendment does not involve any issue of new matter. Applicant respectfully 
requests entry of the subject amendment such that claims 20, 22-24, 3 1 and 39 will be pending. 

Applicant notes that if this amendment does not place the claims in condition for 
allowance, it does place the claims in better condition for appeal according to MPEP 714.13 
(III). Accordingly, applicant respectfully requests that this amendment be entered. 

Applicant also notes that, as will be detailed in the subsection below titled "Claim 
Rejections- 35 USC §102", the Examiner has raised a new ground of rejection not necessitated 
by applicant's amendment or by applicant's untimely filing of an IDS, and therefore the finality 
of the present office action is premature and thus improper pursuant to MPEP 706.07(a). 
Accordingly, applicant requests that the finality of the present office action be withdrawn. 

Obviousness-Type Double Patenting 
The Examiner rejects claims 20, 22-24, 26, 3 1 , and 34 under the judicially created 
doctrine of obviousness-type double patenting over claims 1-4, 19, and 20 of U.S. Patent No. 
6,498,142 Bl ("the 6 142 patent"). The Examiner alleges that the * 142 patent teaches a method 
of treating chronic renal failure or a renal condition in claims 1-4, 19 and 20, and these claims 
fall within the scope of instant claims 20, 22-24, 26, 31 and 34, i.e. the claims of the '142 patent 
anticipate the instant claims. 

Applicants traverse the Examiner's rejection. The Examiner alleges that the claims of the 
'142 patent anticipate the instant claims. Without commenting on whether the '142 claims do or 
do not anticipate the instant claims, anticipation is not a proper basis for an obviousness-type 
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double patenting pursuant to MPEP 804 (II). Specifically, MPEP 804 (II) recites as follows: 

Domination and double patenting should not be confused. They are two separate 
issues. One patent or application "dominates" a second patent or application when 
the first patent or application has a broad or generic claim which fully 
encompasses or reads on an invention defined in a narrower or more specific 
claim in another patent or application. Domination by itself, i.e., in the absence 
of statutory or nonstatutory double patenting grounds, cannot support a double 
patenting rejection. In re Kaplan, 789 F.2d 1574, 1577-78, 229 USPQ 678, 681 
(Fed. Cir.1986); and In re Sarrett, 327 F.2d 1005, 1014-15, 140 USPQ 474, 
482(CCPA 1964). 

Since the Examiner is basing his rejection on the alleged dominance of the the claims 
from the subject application over the claims of the '142, such rejection is not proper. Applicants 
respectfully request reconsideration and withdrawal of this ground of rejection. 



riaim Rejections- 35 I JSC SI 12. 1 st paragraph. Enablement 

Claims 20, 22-24, 26, 31, and 34 are rejected under 35 U.S.C. 112 1 st paragraph because 
the specification allegedly does not enable the full scope of the invention. Applicant notes the 
following with respect to the office action: 

(a) The Examiner alleges that "applicant's argument has been fully considered, but is not 
deemed to be persuasive because claims 21, 27 and 38 were previously rejected (see pages 6- 
8) and recitation of the limitations of these claims do not overcome the scope of enablement 
rejection set forth in the previous office action. While limiting to certain cell-types, the 
scope of the invention is unusually broad." 

(b) The Examiner contends that the claims recite the allegedly generic term "restoring the 
cellular phenotype". 

(c) The Examiner alleges that that the scope of pathways is broad. 
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(d) The Examiner alleges that applicants "have not fully addressed the issues raised in the 
previous office action (the middle of page 7)". 

(e) The Examiner alleges that the genus of morphogens with 60% or 70% amino acid 
sequence identity to the C-terminal seven-cysteine domain of human OP-1 without a specific 
functional limitation, and that the instant specification fails to disclose the conservative 
regions that are critical to the structure and function of the genus claimed and the sites at 
which variability can be tolerated or sufficient guidance and working examples on the genus 
of morphogens. 

In response, applicants first submit that although the Examiner correctly cited, on the top 
paragraph of page 7 of the previous office action, the eight factors that an Examiner must be 
consider when determining whether a disclosure is enabling, as listed on MPEP2 164.0 1(a), the 
Examiner did not take these factors into consideration when assessing the enablement of the 
disclosure in the previous and the present office action. Moreover, the Examiner provides little, 
if any, analysis of how she applied these factors when examining the application. Instead, the 
Examiner merely recites elements of the claims and alleges that they are "too broad", failing to 
meet the standard required by MPEP 2164. Further MPEP 2164.04 states that "[i]n order to 
make a rejection the Examiner has the initial burden to establish a reasonable basis to question 
the enablement provided for the claimed invention. In re Wright, 999 F.2d 1557, 1562, 27 
USPQ2d 1510, 1513 (Fed. Cir. 1993)". Since the Examiner has merely listed the eight factors 
but has not applied them, the Examiner has failed to establish a lack of enablement. 

With respect to (a) above, the Examiner again fails to describe why she considered the 
amended claims as "too broad" in light of the specification. The Examiner merely alleges that 
incorporating the features previously recited in dependent claims 21, 27 and 38 into claims 20 
and 31 does not enable claims 20 and 31 since the Examiner previously held each of the 
dependent claims as also being not enabled. Applicants submit that the logic in this reasoning is 
incorrect, because while a claim reciting elements ABX, AB Y and ABX may each not be 

7 

9542033.1 



Application No.: 09/581770 



enabled (where "A 1 , "B", "X", "Y" and "Z" each represent an element), a claim reciting each of 
the elements ABXYZ might very well be. In summary, the Examiner has not provided valid 
reasoning as to why claims 20 and 3 1 are not enabled, when in fact the disclosure, combined 
with the state of the art at the time the application was filed, allowed one skilled in the art to 
carry out the claimed invention without excessive experimentation.. 

With respect to (b) ("restoring the cellular phenotype") and (c) (pathways) above, again, 
the Examiner fails to explain why the claims containing these terms are not enabled in light of 
the specification. Merely stating that the claims are "too broad", or that a certain term is "too 
broad" is not sufficient basis for alleging that a claim fails the enablement requirement. 
Applicants note that the pathways of the claimed invention do not refer to just any pathway, but 
only to pathways that "induce intracellular formation of a Smad complex" and that are "activated 
by specific binding of a morphogen to its transmembrane receptor", in accordance with the 
guidance provided by the specification. Similarly, "restoring the cellular phenotype", rather than 
being "too broad" (as characterized by the Examiner) refers to the phenotypes of the seven cell 
types recited in the claims (lung, heart, blood vessel, stomach, a muscle, renal and intestinal). 
Accordingly, when one skilled in the art contemplates restoring the cellular phenotype of one of 
these seven cell types, there is one cellular phenotype that is being restored. Thus, the term 
"cellular phenotype" is well within the teachings of the specification in light of what was known 
at the time the application was filed. 

With respect to (d), applicants submit that applicants fully addressed the issues raised on 
page 7, middle paragraph in the previous office action. This section of the prior office action 
states that every element of the claims is "too broad", again failing to carry out the detailed 
enablement analysis required by MPEP 2164. In response applicants amended claims 20 and 31 
in the amendment dated March 15, 2004 to more clearly describe the cells, the pathways, the 
smad complex and the morphogens. The Examiner further alleged that the claims were directed 
to curing cancer and reviving a dead cell; in response, applicants redirected the Examiner to the 
language of the claims and provided an example of what the claims recite. Accordingly, 
applicants were responsive to the general allegations the Examiner set forth. 
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With respect to (e), applicants note that the claims have been amended to recite 
functional features of the morphogens i.e. wherein the morphogen (a) stimulates endochondral 
bone formation in an in vivo bone assay; or (b) stimulates N_CAM or LI isoform production in 
an NG108-15 neuronal cell line; or (c) both, so as to more clearly set forth the claimed 
invention. Further, applicants submit that one skilled in the art at the time the invention could 
have easily generated an amino acid sequence alignment of the morphogens disclosed in the 
application, and from such alignment determined which residues tend to be conserved and which 
tend to be substituted between the morphogens, the later being residues which could more easily 
be mutated without a concomitant loss in morphogen function. Thus, given the degree of 
homology between the morphogens described in the specification, one skilled in the art could 
have quickly determined structure-function relationships between amino acid residues in the 
morphogen and biological function. Applicants also note that dependent claims 39 has been 
added, which specifically recites OP-1 as the morphogen. Accordingly, the amended claims are 
enabled by the specification. 

Finally, applicants submit that based on the teachings of the specification, subsequent 
research groups have published additional examples of the use of morphogens to restore a 
cellular phenotype to a cell affected by disease, damage, or age by using morphogens to activate 
an intracellular pathway induces expression of a phenotype-specific gene as claimed in the 
subject application. Applicants submit the following six examples, each directed to one of the 
six cell types recited in the claims: 



Cell Type 


Reference 


Expression/Phenotype 


Lung 


Buckley S, Shi W, Driscoll B, 
Ferrario A, Anderson K, 
Warburton D. BMP4 signaling 
induces senescence and modulates 
the oncogenic phenotype of A549 
lung adenocarcinoma cells. Am J 
Physiol Lung Cell Mol Physiol. 
2004;286(l):L81-6. Epub 2003 
Set) 05. (Exhibit A) 


Teaches that when A549 lung cancer 
cells are treated continuously with 100 
ng/ml of BMP4, a senescent phenotype 
is observed. The BMP -treated cells 
appeared larger than untreated cells, 
grew more slowly, had more 
senescence-associated beta- 
galactosidase activity (the phenotype 
specific gene), and had less telomerase 
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activity. (See abstract) 


Cardiac 


Izumi M, Fujio Y, Kunisada K, 
Negoro S, Tone E, Funamoto M, 
Osugi T, Oshima Y, Nakaoka Y, 
Kishimoto T, Yamauchi-Takihara 
K, Hirota H. Bone morphogenetic 
protein-2 inhibits serum 
deprivation-induced apoptosis of 
neonatal cardiac myocytes 
through activation of the Smadl 
pathway. J Biol Chem. 2001 
:276(33V3 1133-41. (Exhibit B) 


BMP-2 promoted survival and inhibited 
apoptosis of serum-deprived myocytes. 
Moreover, BMP-2 and Smadl enhanced 
the expression of the anti-apoptotic 
molecule Bcl-x(L), (the phenotype 
specific gene). (See abstract) 


Blood 
vessel 


Dorai H, Sampath TK.; Bone 
morphogenetic protein-7 
modulates genes that maintain the 
vascular smooth muscle cell 
phenotype in culture. J Bone Joint 
Surg Am. 2001;83-A Suppl l(Pt 
n:S70-8. (Exhibit O 


BMP-7 stimulated the expression of 
developmentally regulated as well as 
SMC-specific markers, namely, Id-1 
and Id-2, alpha-actin, and SMC-specific 
heavy-chain myosin (the phenotype 
specific genes), in vascular smooth 
muscle cells, a cell type of blood 
vessels. (See abstract) 


Stomach 


Wen XZ, Miyake S, Akiyama Y, 
Yuasa Y; BMP-2 modulates the 
proliferation and differentiation of 
normal and cancerous gastric 
cells. Biochem Biophys Res 
Commun. 2004 ;316(1): 100-6. 
(Exhibit 


BMP-2 increased the expression of 
pepsinogen II, a differentiation marker 
of the stomach (the phenotype-specific 
gene), in MKN74 cell (gastric epithelial 
cells). (See abstract) 


Muscle 


Nakajima Y, Yamagishi T, Ando 
K, Nakamura H Significance of 
bone morphogenetic protein-4 
function in the initial 
myofibrillogenesis of chick 
cardiogenesis. Dev Biol. 2002 
May 15;245(2):291-303. 
(Exhibit E) 


BMP-2 and BMP-4 induced the 
expressions of sarcomeric alpha-actinin 
and titin (the phenotype specific genes), 
which are two muscle genes. (See 
abstract) 


Intestine 


Haramis AP, Begthel H, van den 
Born M, van Es J, Jonkheer S, 
Offerhaus GJ, Clevers H.; De 
novo crypt formation and juvenile 
polyposis on BMP inhibition in 


BMP genes inhibit the de novo crypt 
formation and polyp growth of 
intestinal epithelial cells. (See abstract) 
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mouse intestine. Science. 2004 
;303(5664): 1684-6. 
(Exhibit F) 



Contrary to the allegations by the Examiner that the scope of the claimed invention is too 
broad, the above-cited articles confirm the utility, enablement and proper scope of the claimed 
invention. Accordingly, applicants respectfully request reconsideration and withdrawal of this 
ground of rejection. 

Claim Rejections- 35 USC 5102 

Claims 20, 22-24, 26, 31, and 34 are rejected under 35 U.S.C. 102 as allegedly 
anticipated by Kuberasampath et al. (WO 94/06449, the "'449 publication"). The Examiner 
alleged in the previous office action (mailed December 17, 2003) that the '449 publication 
taught the use of morphogens to maintain liver function in a mammal, and therefore anticipated 
the claimed invention. In response. Applicants amended claims 21 and 31, from which all other 
rejected claims dependent, to recite specific cell types {i.e. lung cell, a heart cell, a blood vessel 
cell, a stomach cell, a muscle cell, a renal cell or an intestinal cell) in the amendment filed on 
March 15, 2004. Since hepatocytes were not included among the recited cell types, the alleged 
hepatocyte teachings of the '449 publication would fail to anticipate the claimed invention. 

In the present Office Action, the Examiner alleges that applicants prior amendment of 
March 15, 2004 has been considered but is not deemed persuasive. However, the examiner 
concedes that applicant's claim amendment did overcome the hepatocyte rejection previously 
raised, and proceeds to set forth a new ground for rejection i.e. the Examiner, for the first time, 
alleges that the '449 publication "also teach(s) treatment of transplant tissues e.g. liver, lung, 
kidney, pancrease, heart, etc. to provide a cryoprotective effect to the tissue (line 17-23 of page 
18)" (See page 7, 1st paragraph of Office Action). 

Since the Examiner has raised a new ground of rejection, the finality of the present office 
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action is premature and thus improper. MPEP 706.07(a) states as follows: 

Under present practice, second or any subsequent actions on the merits shall 
be final, except where the examiner introduces a new ground of rejection that 
is neither necessitated by applicant's amendment of the claims nor based on 
information submitted in an information disclosure statement filed during the 
period set forth in 37 CFR 1 .97(c) with the fee set forth in 37 CFR 1.17(p). 

Since the examiner's new ground of rejection was not necessitated by Applicants 
amendment and instead could have been raised in the previous Office Action, and because the 
new ground of rejection was not based on information submitted in an information disclosure 
statement filed during the above-stated period, the Examiner has made a premature final 
rejection according to MPEP 706.07(a). Applicants respectfully request withdrawal of the 
finality of the present Final Rejection. 

With respect to the substance of the new ground of rejection, applicants submit that, 
pursuant to MPEP 2131.01, "a claim is anticipated only if each and every element as set forth in 
the claim is found, either expressly or inherently described, in a single prior art reference." 
Applicants submit that claims 20 and 31, from which all other claims depend, recite the use of a 
morphogen to treat a cell "affected by disease, damage, or age." This feature of the claimed 
invention is not taught by the '449 publication, and therefore the '449 publication cannot 
anticipate the claimed invention. More specifically, if an organ is to be transplanted from one 
subject to another, one skilled in the art would select a donor organ that is not "affected by 
disease, damage or age". For instance, one skilled in the art would not select a heart diseased 
with dilated cardiomyopathy to transplant into a subject afflicted with cardiac hypertrophy (or 
vice versa). Likewise, one skilled in the art would not select a lung damaged by years of 
smoking to treat a subject afflicted with cystic fibrosis. Instead, one skilled in the art would 
select an organ that is neither diseased nor damaged for transplantation into a subject in need 
thereof. Therefore, since the '449 publication does not teach the use of morphogens to treat 
diseased, damaged or age-afflicted organs with a morphogens, it does not anticipate the claimed 
invention. Accordingly, applicants request reconsideration and withdrawal of this ground of 
rejection. 
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Claim Objections- Minor Informalities 
The Examiner objects to claims 20, 22-24, 26, 31 and 34 as allegedly reciting non- 
elected subject matter (non-elected species). In response, applicants note that generic linking 
claims are pending (i.e. claims 20 and 31). Applicants are entitled to examination of a reasonable 
number of species upon the allowance of the elected species. Accordingly, the above-mentioned 
claims will remain pending. 

Conclusion 

In view of the above amendments and comments, applicant believes the pending 
application is in condition for allowance, and certainly in better condition for appeal since this 
amendment, in part, cancels two finally rejected claims with a concomitant addition of only one 
claim. 

Applicant believes no fee is due with this response in addition to the two-month 
extension of time fee and the fee for filing a notice of appeal. However, if an additional fee is 
due, please charge our Deposit Account No. 18-1945, under Order No. JJJ-P01-520 from which 
the undersigned is authorized to draw. 

Dated: November 1, 2004 Respectfully submitted, 

Ignacio Perez de la Cruz 

Registration No.: 55,535 
ROPES & GRAY LLP 
45 Rockefeller Plaza 
New York, New York 1 0 1 1 1 -0087 
(212) 497-3613 
(212) 497-3650 (Fax) 
Attorneys/ Agents For Applicant 
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BMP4 signaling induces senescence and modulates the 
oncogenic phenotype of A549 lung adenocarcinoma cells 

S. Buckley, 1 W. Shi, 1 B* DriscolJ, 1 A. Ferrario, 2 K. Anderson, 3 and D, Warburton 1 

1 Developmental Biology, *fJeftiaiolagy/Orwology, and * Pediatric Surgery Programs, 
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Buckley, W, Shi, B. Driscoll, A. Ferrario, K. Anderson, and 
D* Warburton* BMP4 signaling, induces senescence and modulates 
the oncogenic phenotype of A 549 lung adenocarcinoma cells. Am J 
hiysiol Lung Cell Mot Physiol 286; L8I-L86, 2004. First published 
September 5, 2003; 1 0.1 1 52/ajpIung.OO 160.2003. — Lung cancer is 
the most common visceral malignancy in males, with rapidly increas- 
ing incidence in females, and a devastatingly poor prognosis. Trans- 
forming growth factor (TGF)-(3 has been shown to induce senescence 
in A549 lung cancer cells, «nd both TGF-3 and bone morphogenetic 
protein (BMP) 2 can suppress I he transformed phenotype of A549 
cells in vitro. We examined the effects of BMP4, another member of 
the TGF-P supcrfamily, on specific oncogenic properties of A549 
ci'ncer cells. When A549 cancer cells were treated continuously with 
ItJO ng/ml of BMP4* a senescent phenotype was observed after 2 wk 
of treatment. The BMP-treated cells appeared larger than untreated 
cells, grew more slowly t had more senescence-associated p-galacto- 
sidasc activity, and had less telomerase activity, as measured by the 
telomeric repeat amplification piotocol assay. Invasion through En- 
gelbreth Holm-Swarm matrix was inhibited in the senescent cell 
population. Senescent BMP4-treated cells had lower ERK activation, 
VEGF expression, and Bcl2 expression than wild-type cells, consis- 
tent with a less proliferative, less angiogenic phenotype with increased 
susceptibility to dsath by apoptosis, BMP4 treatment also resulted in 
sustained elevation of Smadl. In vivo xenograft studies in the flanks 
of nude mice confirmed that the BMP-treated cells were significantly 
less tumorigenic than untreated cells. Direct overexpression of Smadl 
using adenoviral constructs resulted in cell death within 5 days. These 
Studies suggest that BMP4 pathway signaling can induce senescence 
and thus negatively regulate the growth of A549 lung cancer cells. 

bone morphogenetic protein 4; senescence-associated p-galactosidase 
activity: telomerase: Engelbreth Holm- Swarm matrix invasion; xeno- 
graft tumor 



luno cancer is the primary cause of cancer deaths in the United 
States, with a devastatingly poor prognosis (22). There has 
been little improvement in 5-year survival rates over the last 20 
years, and, for the most common treatments, toxicity exceeds 
efficacy. 

Bone morphogenetic proteins (BMPs) are one of the sub- 
groups of the transforming growth factor-p (TGF-p) superfam- 
ily. TGF-P and BMP transduce signals through downstream 
proteins, Smads, controlling cell proliferation, differentiation, 
migration, and apoptosis (I , 14). Frequent activating mutations 
of Smad4 (10) or less common somatic mutations of Smad2 
(19) are seen in solid tumors and suggest that these genes may 
have a suppressor function. A ubiquitously expressed truncated 
Smad5, Smad5-p, has been implicated in stem cell homeostasis 



as a mechanism to protect pluripotent stem cells and malignant 
cells from the growth inhibitory and differentiation signals of 
BMPs (9). Functionally impaired Smad mutations may also 
play a role in lung tumorigenesis (24). 

The concept of lung cancer growth suppression through 
TGF-0 signaling is supported by several studies. TGF-p has 
been shown to drive A549 cancer cells into replicative senes- 
cence in vitro (II) by mechanisms unknown, and TGF-p or 
BMP2 treatment can suppress the growth of A549 cells in vitro 
(17, 18). However, the effects of BMP4 signaling on nonsmall 
cell lung cancers have not been explored* Herein, we investi- 
gate the effects of BMP4 on cell senescence and tumorigenicity 
in A549 lung cancer cells. Wc present data demonstrating that 
BMP4 at a dose of 100 ng/ml is effective in inducing senes- 
cence in A549 lung cancer cells in vitro. More importantly, wc 
show that BMP4 pretrcatmcnt can significantly reduce tumor- 
igenicity of A549 xenograft tumors generated by these cells in 
nude mice. We demonstrate that BMP4-mediated overexpres- 
sion of Smadl in A549 cells correlates with senescence, 
whereas direct overexpression of Smadl using adenoviral vec- 
tors results in cell death. These data suggest that BMP4 or 
downstream targets may be effective in the control of certain 
lung cancers. 

METHODS 

Parental cell line. A549 lung carcinoma cells (13) were obtained 
from ATCC (CCL-185), and parental cultures were maintained in 
HEPES-buffered RPMI with 10% FCS and antibiotics. The medium 
was replaced every other day, and the cells were passaged before 
confluence. As the AS49 celt line consists of four distinct clones (2), 
each BMP4 treatment was done on cells fresh from the ATCC to 
ensure a reproducible response. 

BMP4 treatment, A549 cells were grown in RPMI With 1% FCS ± 
100 ng/ml of human recombinant BMP4 (R & P Systems) continu- 
ously present. Control cells were grown in parallel in 1% FCS. The 
medium i BMP4 was replaced every other day, and the cells were 
passaged before confluence. At various times during the BMP4 
treatment, flasks of A549 cells ± BMP4 were grown to near conflu- 
ence, trypsin ized, and counted by hemocytometer to compare growth 
rates. 

Senwence-asxoctarea' fi-gafactosidese away* Cells were lysed in 
reporter lysis buffer (Promega, Madison, Wl) and centrifuged at 
20,800 g at 4°C for i min, and the supcrnatants were removed. 
Proteins were measured with Bio-Rad protein dye (Bib-Rad, Her- 
cules, CA). Cell lysates containing equal amounts of protein were 
diluted in equal volumes of 2x assay buffer containing 1.33 mg/ml 
o-nUrophenyl-P-o-galactopyranosidc, 2 mM MgCl 2 , and 100 \l\ 
2-mercaptoethanol in 200 mM phosphate buffer, pH 6.0, and Incu- 
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bated at 37*C for 4 h. The absorhancc at 420 nm was measured after 
the addition of an equal volume of ) M N02CO3. 

Telomiric repeat amplification protocol assay. Sample preparation 
and telomeric repeat amp li fixation protocol (TRAP) assays were 
performed according to the TRAP-E2E protocol provided by Sero- 
logicals (Norcross, GA) (3). Briefly, at least 10* cells for each sample 
were lysed in IX 3-(f3-choIamidopropyi]dimethylammonio)-l-pro- 
panesulfonate lysis buffer. The lysate was clarified by centrifugation, 
and protein content was measured with Bio-Rad dye. To assay 
telomerase activity, we incubated samples with a fr- j2 P]dATP end- 
labeled telomerase specific primer at 3G*C for 30 min for telomere 
primer extension. The telomerase products were then amplified by 30 
rounds of two-step PCR (94 o CV30 s. 6O°C/30 s). The samples were 
subjected to 12.5% nondenaturing polyacrylamide gel electrophoresis 
in 0.5X TBE bufTer (45 mM Tris-boratc, 1 mM EDTA) for 1 h at 500 
V. Gels were dried and exposed to X-ray film to visualize the 
telomerase products. Each assay included telomerase-positive A549 
cells that had not been treated with BMP4, as a cellular control, as 
well as a PCR internal amplification control, provided by Intergen, 
and a PCR contamination control lane consisting of all sample 
elements with the exception of cell lysate. 

Western blotting of proteins. Cells were washed in PBS, lysed in 
iced radioimmunoprccipitation assay buffer (\% Nonidct P-40, 0.5% 
sodium deoxychoUte, 0.1% SOS in PBS, with 10 mg/ml PMSF, 30 
U/ml aprotinin, and 100 mM sodium orthovanadate). and cemrifuged 
at 14,000 g tor 10 min at 4°C. Protein (20 j*g) was electrophoresed 
through commercially prepared polyacrylamide gels (Novex, San 
Diego, CA) and transferred to lmmobilon membrane (Milllpore, 
Bedford* MA). Proteins of interest were detected with horseradish 
peroxidase-! inked secondary antibodies (Sigma, Sl Louis, MO) fol- 
lowed by ECL detection (Amersham, Little Chalfont, UK). We 
confirmed equal loading by blotting the lower half of the blots with an 
antibody to actin. Antibodies to V£GF f phosphorylated ERK (p- 
ERK), Bcl2, interleukin-ip-convcrting enzyme (ICE), and p-Smadl 
were from Santa Cruz Biotechnology (Santa Cruz, CA). Antibody to 
actin was from ICS (Irvine, CA). Antibody to FLAG, a tagging 
epitope, was from Sigma. 

Cell invasion asxay. A commercial cell invasion assay kit (Chemi- 
con, Temccula, CA) was used according to the manufacturer's in- 
structions. The inserts, which contain 8-p.rn pores, are coated with a 
thin layer of biological matrix derived from the Engelbreth Holm- 
Swarm (EHS) mouse tumor. Cells (3.5 X 10 3 ) in 300 u.1 of serum-free 
RPMI + 0.1% BSA were added to triplicate upper wells, and 
migration through the matrix to the lower wells, containing 500 pi of 
RPMI + 10% FCS, was measured after 24-h culture at 37 fl C The 
nohinvading cells and matrix were removed with a cotton-tipped 
swab, and the cells were stained. Cell-free filters were processed as 
blanks. The stain was elutcd with 10% acetic acid, and the absorbance 
at 560 nm was measured. 

Adenoviral transduction u/Sinadf, FLAG-tagged Smadl recombi- 
nant adenovirus (5) was a kind gift from Dr. M. Fujii (Japan Society 
For the Promotion of Science, Tokyo). High titer stocks of recombi- 
nant virus were grown in 293 veils and purified with a Viraprep kit 
(Virapur, Carlsbad* CA) according to the manufacturer's instructions. 
Purified adenovirus containing green fluorescence protein (GFP) Or 
Smadl was added to nonconfluent cultures of A549 cells at a con- 
centration of 20 live particles/cell in RPMF with 5% FCS. The 
virus-condiiioned medium was removed after overnight incubation, 
and the cells were further incubated in RPMI and 5% FCS. The 
GFP- transduced cells were observed dally under fluorescent micros- 
copy for GFP expression, which was seen maximally after 48 h 
(estimated to be 80-90% of the culture), and persisted until the death 
of the Smadl -transduced cells around day 5. We confirmed overex- 
pression of Smadl by lysing the Smadl and control GFP-trertsduccd 
cells and then Western blotting for FLAG expression, 

Tumorigenicity in nude mice. Viable single cell suspensions (4 X 
10*) from BMP4-treated and untreated A549 cells were injected 



subcutancously into the Hanks of nude mice obtained from Harlan 
Sprague-Dawley. Tumor size was measured In three dimensions 
weekly, and the tumor volume was calculated by the formula 
(length X width X height X -n76). The animals were killed when 
necrosis occurred in the larger tumors arising from untreated eclls (45 
days postinjection). Animal experiments were approved by the Insti- 
tutional Animal Care and Use Committee and conducted in accor- 
dance with Institutional guidelines. 

RESULTS 

BMP4 treatment induces a senescent morphology in A54V 
lung cancer cells. Cultures of A549 cells treated continuously 
with BMP4 showed reduced growth compared with untreated 
cells (Fig. M). A change in morphology was apparent after 2 
wk of treatment. The slower-growing cells were larger, flat- 
tened, and more granular than untreated cells (Fig. IB) 

BMP4 treatment induces senescence-activated Agalactosis 
dose activity In A549 cancer cells. A549 cells were treated with 
BMP4 until the growth rate slowed and the cells assumed an 
enlarged, flattened appearance compared with untreated cells 
grown under parallel low-serum conditions. BMP4-treatcd and 
untreated cultures were lysed and assayed for senescence- 
activated p-galactosidasc (SA-0-gal; pH 6.0) activity, a bio- 
marker associated with senescence in human cells (23). A 
fourfold increase in SA-P-gal activity was seen after 17 days of 
BMP4 treatment (Fig. 2). Increased SA-p-gal activity was 
sustained through prolonged culture in the presence of BMP4 
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Fig. 1. A; bone morphogenetic protein (BMP) 4-treated celts grow more 
slowly than untreated cells cultured under identical low-serum conditions. At 
various limes during the BMP4 treatment, flask* of A549 Cells ± BMP4 wen? 
grown to near confluence, trypsmized, and counted by hemocy to meter U> 
compare growth rates. B; BMP4-treated senescent A549 cells have a larger, 
more flattened phenotype than quiescent, untreated cell* grown in parallel In 
low serum. UJr. untreated cells after 21 days (d) of culture. Right. BMP*- 
treated, senescent cells after 21-d culture. 
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Fig. 2. A549 cells treated with BMP4 for 17 d have significantly higher 
senescence-activated fi-galactosidasr (SA-^-gal) activity than untreated cells 
cultured under identical low-serum conditions. Data arc presented X SD f n = 
4. •••/» < 0.05. A549 Cells cultured ± 100 ng/ml BMP4 for 17 d were lyscd, 
and the lyBaies tested for SA-p-gal activity, using o-nitrophcnyl-p-D-galacio- 
pytanoslde as substrate at pH 6.0. 
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Pig. 4. BMP4 treatment of A$40 cells results in a sustained less proliferative, 
less angiogenic phenotype, as reflected by decreased expression of phosphor- 
ylatcd ERK (p-ERK) and VEGF, as seen in thii representative Western blot. 
The expression of 8cl2 is also decreased in BMP4-treated cells, suggesting thai 
the senescent cells may be more prone to death by apopiosis. Actin was used 
as loading control. 



(60 days) and for at least I wk after BMP4 was withdrawn 
(data not shown). 

BMP4 treatment downregulates telomerase activity in A549 
cells. A549 cells, in common with many cancer cells, have 
abundant telomerase activity that correlates with a highly 
proliferative phenotype (3). A549 cells treated with TGF-p 
have reduced telomerase activity that is associated with senes- 
cence (11). We analyzed ly sates of senescent BMP4-trcated 
and quiescent untreated A549 ceils for telomerase activity. 




1 2 3 4 5 
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Fig. 3. BMP4-induced senescence in A549 cells is associated with decreased 
tdomerase activity. The representative autoradiograph shows that A549 cells 
treated with BMP4 for 17 d (Jane 4l have greatly decreased telomerase activity 
Compared with untreated cells (lane 3), as measured by the laddering, which 
represents radioactive telomere extension products. Each assay Included te~ 
liitaerase-positivc parental AS49 Cells grown in 10% serum as a cellular 
Control {lane J), as well as a PCR internal amplification control (tone J\ and 
a PCR contamination control lane, consisting of all sample elements with the 
exception Of cell lysate {lane. 2). TRAP, telomeric repeat amplification proto- 
col; WT, wild type. 



using the PCR-bascd TRAP, Autoradiography showed charac- 
teristic laddering, representing radiolabeled telomere primer 
extension, in the wild-type A549 ceils (Fig. 3, lane 5). Lad- 
dering was reduced in untreated A549 cells grown for 17 days 
in low-serum conditions making them essentially quiescent 
(lane 3) and dramatically reduced in cells treated with BMP4 
for 17 days and expressing the senescence biomarker SA-p-gal 
(lane 4). 

BMP4-induced senescence in A549 cells is associated with 
downregtdation of p-ERK, VEGF, and Bell. Western analysis 
of lysates of BMP4-treated A549 cells (Fig. 4) suggests a 
decrease in proliferative and angiogenic phenotypic markers 
compared with untreated cells cultured under parallel low- 
serum conditions, as shown by decreased p-ERK and VEGF 
expression, respectively. The expression of survival factor 
Bcl2 is lower in BMP4- treated cells, suggesting an increased 
potential for apoptosis in the senescent population. Despite the 
decreased Bcl2 levels, a population of cells can survive culture 
in the presence of BMP4 for 8 wk or more. This survival may 
reflect the polyclonal nature of the A549 cell line (2), with 
diverse effects elicited from different subclones. 

BMP4-treated A549 cells are less invasive through EHS 
matrix. Wc compared the invasive properties of senescent 
BMP4-treated cells with untreated cells by measuring invasion 
through EHS matrix (Fig. 5). Migration through EHS matrix 
was significantly retarded by —50% in the BMP4-treated cells 
compared with untreated cells (P < 0-05). The nonmigrating 
population was viable and attached readily to the matrix. The 
decreased invasion of BMP4-treated A549 cells through a 
basement membrane model suggests that BMP4 treatment may 
result in a less metastatic phenotype by downregulating the 
proteolytic enzymes required for matrix penetration. Wild-type 
A549 cells arc highly metastatic and secrete high levels of 
matrix mctalIoproteinase-2 (25). 

BMP4-treated A549 cells generate slower-growing xeno- . 
graft tumors in nude mice. Xenograft tumors were established 
by subcutaneous injection of 4 X 10 6 viable untreated or 
BMP4-trcatcd A549 cells into the flanks of nude mice. The 
tumor size was recorded weekly, and the tumors were excised 
when necrosis was observed in the larger tumors generated 
from untreated cells (45 days postinjection). The tumors from 
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-BMP4 +BMP4 



Pig. 5. Cells touted with BMP4 for 17 d are significantly less invasive through 
Engelbreih Holm -Swarm (EHS) matrix-coated porous insert!? than untreated 
cells grown in identical low-serum conditions. m *P < 0.01. Data arc pre- 
sented ± $D, n = 4. 8MP4-ireated and untreated A549 celts, cultured under 
identical low-Scrum condition*;, were plated in serum-free medium on a layer 
Of EHS matrix over a porous filter, atop serum-containing medium. Invasion 
through matrix was measured after 24 h. 



5 

r 



700 
600 
SOP 
400 
300 
300 
1UU- 
0 



D untreated cells 
■ BMP4-treated ceDs 




10 20 30 

days post injection 




-BMP4 +BMP4 

Fig. 6. A: QMP4*created cells resulted in insignificajlllv smaller xenograft 
tumors in nude mice compared with untreated cells grown under identical 
low-serum conditions. Viable 8MP4-treaied and untreated cclK (4 x 10*) 
cultured under identical low-serum conditions were injected into the flanks of 
nude mice, and the tumors were measured weekly in 3 dimensions. Tumor 
volume was calculated assuming spheroid shape, using the formula length x 
Width X height X ir/6\ The experiment was stopped when necrosis was 
observed In the larger tumors. Data are expressed & means ± SD (untreated, 
n = G; BtaP4-creaced. n « 8). ft weights of tumura resulting from BMP4- 
treated A549 cells were significantly less at excision (45 days post injection) 
than tumors arising from untreated cells, *P < 0.05. Data are presented as 
means 2: SD. 
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Pig. 7. A: representative Western analysis of lysates of A549 cells treated 
continuously with 100 ng/ml of BMP4 for various periods of time shows 
sustained activation of Smadl in the BMP4-treated gmup compared with cells 
cultured under identical low-serum conditions, Bi A549 cells were transduced 
with adenovirus bearing Fl .AG-tagged Smadl Or green fluorescence protein 
(GFP) at the same multiplicity of infection (MOl). Western analysis of FLAG 
expression in lysates of A540 cells at 4ft h posttra reduction confirms success- 
ful Overexpression of Smadl and shows increased bax and intcrlcukin-lp- 
converting enzyme (ICE) expression in the cells overcxpressing SMAP1- 
Thesc cells would subsequently die. C: flasks of A549 cells were transduced 
with either adenovirus hearing FLAG-tagged Smadl or GFP at the same MOI 
und harvested at various times after GFP expression was detected. Cell counts 
show that overexpresslnn of Smadl in A549 cells results in celt death within 
5 days. 



BMP4^treated A549 cells grew more slowly than tumors from 
untreated celJs (Fig. 6A). The weights at excision of tumors 
arising from BMP4- treated cells were significantly (50%) less 
than tumors generated by untreated cells (Fig. 6B). These * aia 
support the in vitro findings, which suggest that the BMP4- 
treated cells are less proliferative and angiogenic than the 
quiescent untreated cells. 

Smadl phosphorylation is induced by BMP4 treatment of 
A549 ceils. Western analysis shows that Smadl is phosphory- 
lated in A549 cells within 1 h after BMP4 treatment (Fig. 1AI 
Interestingly, p-Smadl is not down regulated with time and 
remains elevated during culture with BMP4 (up to 40 d;iys). 
suggesting that Smadl activation correlates with shaved 
growth rate and senescence in A549 cells. To determine 
whether BMP4-induced senescence in A549 cells is receptor 
mediated, we bypassed the receptors by overexpresfiing 
Smadl. Purified recombinant adenoviral vectors bearing 
FLAG-tagged Smadl or GFP were transduced into A549 cells. 
Maximal expression was achieved at 48 h posttransduction, * 
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detected by fluorescent GFP expression in the control group. 
The cells were then lysed and analyzed to confirm Smadi 
overexpression by Western blotting for FLAG (Fig. IB). In- 
icivstingly, overexpression of Smadi resulted in cell death, 
raili T than senescence. Smad I -transduced cells began lifting 
off (he plate soon after Srnad 1 overcxpression was established, 
whereas GFP-transduced controls remained viable. Elevated 
levels of bax and ICE observed in the BMP4-treated cells 
before lifting from the plate, compared with the GFP-trans- 
duccd controls, suggested that cell death may be due to apop- 
tosis. Death of the total cell population occurred over several 
days (Fig. 7Q. 

DISCUSSION 

Novel therapeutic approaches to lung cancer are crucial 
because of the disease's dismal prognosis, which has persisted 
for more than 20 years (22). Although a cure is the primary 
goal of such therapies, control of tumor growth may be more 
achievable and would still afford significant benefits to the 
patient, such as longer survival and improved quality of life. 
Sc* end reports demonstrate that members of the BMP family 
(or downstream targets) can inhibit growth of various cancers 
in vitro, including breast, skin, thyroid, and multiple myeloma 
(4, 6, 7, 16, 21), We examined the effects of in vitro BMP4 
treatment on human lung cancer cells using the A549 lung 
cancer cell line derived from type II alveolar epithelial cells 
(13). These cells are highly proliferative, tumorigenic, and 
invasive (25) and have abundant telomerase activity (3), We 
show that BMP4 induces senescence in A549 lung cancer cells 
in vitro, as characterized by slowed growth rate, increased 
0-galactosidase expression, and reduced telomerase activity 
compared with quiescent cells grown in parallel in low serum. 
Although the BMP4-treated cells express decreased levels of 
Bcl2, die reduced cell numbers in the treated cultures probably 
reflect slowed growth rather than apoptosis, since there was no 
observable cell detachment from the plates and we could detect 
neither bax nor ICE in these cells (data not shown), in addition, 
the cultures survived in the presence of BMP4 for up to 8 wk. 

The inhibitory action of BMP4 on certain cancer cell lines in 
vitro has been shown to be related to upregulation of the 
cyclin-dcpcndent kinase (cdk) inhibitors p21 and p27, with 
subsequent decreased activities of cdk2 and cdk6 and hypo- 
phosphorylation of the retinoblastoma protein pRb (6), In 
BMP2-mediated cell cycle arrest of breast cancer cells, p21 
promoter activity required both Smadi and -4 and was induced 
by either BMP2 or constitutive! y active type 1 BMP receptors 
(BMPR) (16). The response of A549 lung cancer cells to 
BMP4 may not be simple cell cycle arrest, as seen with 
BMP2-trcated breast cancer cells, since we found that BMP4- 
induced senescence was associated with only a modest increase 
in p2l compared with the untreated cells and no significant 
changes in the phosphorylation status of Rb (data not shown). 

It has been reported that A5DC7 cells, a subline of A549 
cells, senesce with long-term culture in low serum but can be 
restored to normal phenotype within days by their return to 
10% serum culture conditions (12). In our experiments, A 549 
Cells grown in low serum for several weeks in parallel with the 
BMP4-treated group did not show the hallmarks of senescence 
seen in the BMP4-trcatcd group, i.e., increased SA-(S-gal 
activity and reduced telomerase activity. In addition, we found 
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that the senescence induced by BMP4 in A549 cells was not 
immediately reversible, since increased levels of p-Smadi, 
decreased growth rate, and increased SA-p-gal activity per- 
sisted for several weeks after the removal of BMP4 and 
restoration of 10% scrum culture conditions (data not shown). 

The persistence of the senescent phenotype after removal of 
the ligand may explain why BMP4-treated A549 cells generate 
significantly smaller xenograft tumors in nude mice than un- 
treated cells. This is the first report to document the antitu- 
morigenic potential of a BMP family member using A549 
cancer cells in an in vivo model. Although in vivo metastasis 
was not examined in this project, in vitro matrix invasion 
assays suggest that the BMP4-treated cells are less invasive. 
Tada ct al (18) have reported that BMP2 at a dose of 100 
ng/ml suppresses anchorage-dependent growth in cultured 
A549 cells. 

Sustained overexpression of Smadi was associated with a 
senescent, less invasive, and less tumorigenic phenotype in 
BMP4»treated A549 cells. In contrast, sustained expression of 
Smad5, which also transduces the BMP4 signal, was not 
detected (data noi shown). Smads are pivotal intracellular 
nuclear effectors of TGF family members (8). BMP-mediated 
activation of downstream Smads involves ligand binding to the 
high-affinity receptor BMPR- 1 and subsequent recruitment of 
BMPR-2 into the complex. This is followed by phosphoryla- 
tion of Smads I, 5, and 8, association with $mad4, and 
translocation to the nucleus. However, before ligand binding, 
low but measurable preformed receptor complexes have been 
detected- Receptor mutant studies show that signals induced by 
binding of BMP2 to preformed receptor complexes activates 
the Smad pathway, whereas BMP2-induced recruitment of 
receptors activates a different, S mad-independent pathway via 
p38 MAPK (15). Additionally, members of the BMP-Smad 
pathway can also physically interact with components of other 
signaling pathways to establish cross talk (20). Thus BMP4 
ligand may trigger multiple downstream pathways. To deter- 
mine whether sustained Smad I activation itself is sufficient to 
result in senescence, we overexpressed Smadi in A549 cells. 
AdenoYirus-mediated Smadi overexpression resulted in the 
death of A549 cells, rather than senescence, as seen with 
BMP4 treatment, The Smadl-ovcrexpressing cells started to 
lift after 48-72 h posttreatment, and all were dead within 1 wk. 
Whether this response is unique to A549 cells or can be 
induced in other cancer cell lines remains to be determined. In 
the other lung cancer cell lines we tested, overexpression of 
Smad I in CALU 1 (squamous cell carcinoma) cells resulted in 
senescence yet had no deleterious effects on SW900 (epider- 
moid carcinoma) cells, indicating cell-specific responses (data 
not shown). 

In A549 cells, activation of BMP4 downstream Smadi 
signaling causes cell death, whereas the ligand itself induces a 
senescent phenotype. Although the specific downstream targets 
of BMP4 and/or Smadi that mediate the phenotypic changes 
described herein remain to be determined, our data suggest that 
BMP4 and downstream mediators may have potential to con- 
trol or retard the growth of certain lung cancers. 
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Bone morphogenetic protein (BMP)-2 has been shown 
to induce ectopic expression of cardiac transcription 
factors and beating cardiomyocytes in non-precardiac 
mesodermal cells, suggesting that BMP-2 is an inductive 
signaling molecule that participates in cardiac develop- 
ment. However, direct evidence of the effects of BMP-2 
on cardiac myocytes has not been reported* To examine 
the role of BMP-2 and its receptors, we studied the abil- 
ity of BMP-2 to promote survival of isolated neonatal rat 
cardiac myocytes. BMP receptors IA, IB, and II and ac- 
tivin receptor I were found to be expressed in myocytes, 
and BMP-2 phosphorylated Smadl and p38 MAPK. In- 
terestingly, BMP-2 promoted survival and inhibited apo- 
ptosis of serum-deprived myocytes, although it did not 
strongly induce hypertrophic growth. To explore the 
mechanisms for this protective effect, an adenovirus- 
based vector system was used. Similar to BMP-2, Smadl 
promoted survival that was repressed by Smad6. More- 
over, BMP-2 and Smadl enhanced the expression of the 
anti-apoptotic molecule Bcl-x L . Antisense oligonucleo- 
tides to bcl-x L attenuated the survival effected by 
BMP-2. Overall, our findings suggest that BMP-2 pre- 
vents apoptosis of myocytes by induction of Bcl-x L via a 
Smadl pathway and might be a novel survival factor 
without any hypertrophic effect on myocytes. 



Bone morphogenetic protein (BMP) 1 ^, a member of the 
transforming growth factor-/3 superfamily, signals through the 
heterotetrameric complex of type I and II serine/threonine ki- 
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nase receptors (1, 2). Downstream of this receptor complex, at 
least two distinct intracellular pathways have been suggested 
to mediate inductive signals from the cell membrane to the 
nucleus. 

One pathway involves a family of transcription factors col- 
lectively known as Smad proteins. Thus far, eight mammalian 
Smad proteins, specified as Smadl— 8, have been isolated. They 
can be classified into three subgroups by their structures and 
functions: pathway-restricted, common mediator, and inhibi- 
tory Smad proteins. Smadl, SmadS, and probably SmadS/ 
MADH6 are pathway-restricted Smad proteins, which are ac- 
tivated by BMP receptors. Smad4 is a common mediator Smad, 
whereas Smad6 and Smad7 are classified in the inhibitory 
Smad subgroup. Following binding of BMPs to their receptors, 
Smadl and SmadS are phosphorylated by BMP receptors, form 
hetero-oligomeric complexes with Smad4, translocate into the 
nucleus, and modulate transcription of a variety of target genes 
(3—5). Another pathway is the MAPK cascade initiated by 
TAK-1 (6). TAK-1 was originally identified as a member of the 
MAPK kinase kinase family activated in response to trans- 
forming growth factor-^ and BMP-4 (6). More recently, it has 
been reported that TAK-1 functions as a mediator of the 
MKK6/p38 MAPK and MKK7/JNK pathways (7-9). 

After initial activation of receptors, BMP-2 elicits multiple 
effects ranging from cell differentiation to regulation of early 
embryogenesis. BMP-2 was originally identified as a molecule 
that induces bone and cartilage formation and is now consid- 
ered a multifunctional cytokine (10, 11). Interestingly, BMP-2 
induces ectopic expression of cardiac transcription factors and 
beating cardiomyocytes in non-precardiac mesodermal chick 
cells, and BMP-2-deficient mouse embryos exhibit a defect in 
cardiac development manifested by abnormal development of 
the heart (12, 13). These data suggest that BMPs are inductive 
signaling molecules that participate in development of the 
heart. In addition to cardiac development, BMP-2 has been 
reported to exert both pro-apoptotic and anti-apoptotic effects, 
depending on cell types and circumstances (14-16). Therefore, 
it is of interest to examine whether BMP-2 might also regulate 
survival of cardiac myocytes. 

Recent evidence that apoptosis of cardiac myocytes is a fea- 
ture in several myocardial disease states, including ischemic 
heart disease and congestive heart failure, has raised hopes 
that inhibition of myocyte apoptosis can prevent the loss of 
contractile cells and thus provide a new target in a multimodal 
therapeutic approach to cardiac disease (17). Several groups 
have reported that insulin-like growth factor- 1, cardiotro- 
pic- 1, leukemia inhibitory factor (LIF), and neuregulin reduce 
myocyte apoptosis after ischemia, serum withdrawal, myocyte 



31133 



31134 



BMP-2 Suppresses Apoptosis of Cardiac Myocytes 

BMP-2 (BOng/mi) A) 



BMP-2 <80ng/ml) 




BMP-2 

BMPR-IA 
BMPFMB 
ActR-l 

BMPR-II 
£ Tubulin 



Fig. 1. Expression of BMP-2 and its receptors in cardiac myo- 
cytes. Total RNA from freshly cultured neonatal rat cardiac myocytes 
treated with BMP-2 (80 ng/mX) or untreated was reverse-transcribed 
into cDNA and amplified with BMP-2 or BMP receptor isoform-specific 
primers as described under "Experimental Procedures.** ^-Tubulin ex- 
pression was also assayed as a control. Lane M contains molecular size 
markers (in base pairs (bp)). 

stretch, and treatment with the cardiotoxic hemotherapeutic 
drug doxorubicin (18-22). However, these factors simulta- 
neously induce cardiac hypertrophy. Although cardioprotective 
factors can thus be considered clinically suitable for treating 
heart failure, the hypertrophic effect accompanying their car- 
dioprotective function may promote structural and geometric 
changes in the left ventricle that are commonly referred to as 
remodeling. Progressive, adverse remodeling of the myocar- 
dium may lead to ventricular dilatation and congestive heart 
failure (23). 

Our study demonstrates that human BMP-2 promotes sur- 
vival of neonatal rat cardiac myocytes in vitro without any 
significant change in cell size. This survival effect is accompa- 
nied by a marked reduction in the proportion of apoptotic cells 
in BMP-2-treated cultures. We also describe the survival effect 
of BMP-2 involving an increase in Bcl-x L via a Smadl signaling 
pathway. These data support the concept that the BMP-2/ 
Smadl signaling system plays an important role in regulation 
of the myocardium and suggest that BMP-2 as an attenuator of 
apoptosis in cardiac myocytes has therapeutic and prognostic 
potential. 

EXPERIMENTAL PROCEDURES 

Reagents — Recombinant human BMP-2 (80 mg/ml; Yamanouchi Co., 
Ltd., Tokyo), recombinant human LIF (106 units/ml; PeproTech EC, 
Ltd., London), and norepinephrine (1 mg/ml; Sankyo Co., Ltd., Tokyo) 
were used this study. Anti-Smadl, anti-Smad6, anti-p38 MAPK, anti- 
ERK1/2, anti-JNK, anti-Bcl-x L , and anti-Bcl-2 antibodies were pur- 
chased from Santa Cruz Biotechnology (Santa Cruz, CA). Anti-ot-tubu- 
lin monoclonal antibody was from Calbiochem, and phospho-Smadl, 
p38 MAPK, and ERK1/2 were from New England Biolabs Inc. (Beverly, 
MA). All other chemicals were reagents of molecular biology grade 
obtained from standard commercial sources. 

Cell Culture — Primary cultures of neonatal cardiac myocytes were 
prepared from the ventricles of 1-2-day-old Wistar rats obtained from 
Kiwa Dobutsu (Wakayama, Japan) as described previously (24). 

Reverse Transcription-PCR Assay — 10 jug of total RNA was prepared 
by the acid guanidinium thiocyanate/phenol/chloroform method (25). 
Total RNA (0.1 jxg) was subjected to first-strand synthesis using oli- 
go(dT) (Amersham Pharmacia Biotech, Uppsala) and Moloney murine 
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Fig. 2. BMP-2 activates Smadl and p38 MAPK. A, neonatal rat 
cardiac myocytes were treated with BMP-2 (80 ng/ml) for the indicated 
periods of time. Cell lysates (20 u,g of proteins) were subjected to 
immunoblotting with anti-phospho-Smadl antibody (ap-Smadl', upper 
panel) and subsequently with anti-Smadl antibody (aSmadl; lower 
panel). Experiments were performed three times with similar results. 
Representative data are shown. B, cardiac myocytes were treated with 
various concentrations of BMP-2 for 30 min. Cell lysates were subjected 
to immunoblotting with anti-phospho-Smadl antibody (upper panel) 
and subsequently with anti-Smadl antibody (lower panel). C, cell ly- 
sates (20 fig of proteins) were subjected to immunoblotting with anti- 
phospho-p38 MAPK (ap-P38\ anti-phospho-ERKl/2 (a pERKl/2), and 
anti-phospho-JNK (ap-JNK) antibodies (upper panels) and subse- 
quently with anti-p38 MAPK (aP38\ anti-ERKl/2 (otERKH2\ and 
anti-JNK (aJNK) antibodies (lower panels). 

leukemia virus reverse transcriptase (Life Technologies, Inc.) at 37 °C 
for 2 h, and the reaction was stopped by incubation at 70 °C for 10 min, 
The primers used for gene amplification of BMP-2, BMP receptors 
(BMPRs), and 0-tubulin by PCR were synthesized according to the 
sequence previously reported (26—28). 

Western Blot Analysis — Neonatal rat cardiac myocytes were cultured 
at a cell density of 3 x 10 5 /ml in six-well dishes in duplicate. After being 
cultured with Medium 199 with 10% fetal calf serum (FCS) for 24 h, the 
medium was changed to Medium 199 with 1% FCS and incubated for 
24 h. Thereafter, cardiac myocytes were cultured without serum for 
another 12 h. The cells were then stimulated with BMP-2. Western 
blotting was performed as previously described (24). 

Northern Blot Analysis — Northern blotting was performed as previ- 
ously described (29). RNAs from cardiac myocytes were prepared as 
described above. Mouse bcl-x cDNA, kindly donated by Dr. Y. Tsujimoto 
(Osaka University Medical School), was used as a probe. Mouse brain 
natriuretic peptide (BNP) cDNA, kindly donated by Dr. K- R. Chien 
(University of California, San Diego, CA), was used as a probe. Mouse 
junB cDNA was purchased from American Type Culture Collection. 

Immunohistochemistry — For examination of changes in myocyte 
phenotypes produced by BMP-2, LIF, and norepinephrine, cardiac myo- 
cytes were grown on slides and fixed in 2% (w/'v) formaldehyde for 15 
min at room temperature and permeabilized with 0.1% Triton X-100/ 
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Fig. 3. BMP-2 induces JunB and BNP mRNAs. A, neonatal rat 
cardiac myocytes were treated with BMP-2 (80 ng/ml) for the indicated 
periods of time. JunB mRNA expression was examined by Northern blot 
analysis. Experiments were performed three times with similar results. 
Representative data are shown. B> cardiac myocytes were treated with 
various concentrations of BMP-2 for 1 h. C, cardiac myocytes were 
treated with 80 ng/ml BMP-2 for the indicated periods of time. BNP 
mRNA expression was examined by Northern blot analysis. 

phosphate-buffered saline (PBS). Following three PBS washes, the 
chamber slides were incubated in 1% bovine serum albumin/PBS for 1 h 
to block nonspecific sites. Subsequently, the cells were stained for 1 h in 
0.05% Tween 20 and 1% bovine serum albumin/PBS with a mouse 
anti-rabbit a-actinin monoclonal antibody. Following another three 
PBS washes, the slides were incubated for 30 min in 0.05% Tween 20 
and 1% bovine serum albumin/PBS with rhodamine B isothiocyanate- 
conjugated anti-mouse IgG as a secondary antibody and finally 
mounted on glass coverslips. 

Cardiac Myocyte Surface—To measure the cell-surface areas, light 
photomicrographs of beating cells (100 cells from six visual fields) were 
obtained with an Olympus IMT-2 microscope, and cell surfaces were 
traced with the Macscope program (Mitani Co., Tokyo). 

Leucine Incorporation — To examine the effect of BMP-2 on protein 
synthesis, the incorporation of [ 3 H] leucine was measured. Cultured 
myocytes were treated with BMP-2 (80 ng/ml), LIF (1 x 10 3 units/ml), 
or norepinephrine (2 /xg/ral) and co-incubated with pH] leucine (1 /iCi/ 
ml) for 24 h. The cells were washed three times with PBS and then 
treated with 5% trichloroacetic at 4 °C for 10 min to precipitate the 
protein. The precipitates were dissolved in 0.1 N NaOH, and aliquots 
were counted with a scintillation counter. 

Cell Viability Assay — Cell viability was quantitated with the MTS 
(inner salt) cell respiratory assay (Promega, Madison, WI) (30, 31). 
Neonatal rat cardiac myocytes were cultured at a density of 2 x 10 4 /100 
til in 96-well dishes. After culturing in Medium 199 with 10% FCS for 
24 h, the medium was changed to Medium 199 with 1% FCS, and the 
cells were incubated for 24 h. Next, the cardiac myocytes were cultured 
without serum for another 12 h and stimulated with BMP-2 or LIF. 48 h 
later, MTS was incubated with the cells for 1 h at 37 °C in a humidified 
5% CO a atmosphere. The absorbance was then recorded at 490 nm with 
a 96-well plate reader. Each experiment was carried out in triplicate 
and repeated in three independent experiments. 

Apoptosis Assays — Apoptosis was evaluated with the terminal de- 
oxynucleotidyltransferase-mediated dUTP nick end labeling (TUNEL) 
assay and cell death detection ELISA. The TUNEL assay was per- 
formed aa previously described (32), and the cells were analyzed by 
fluorescence microscopy. For quantitative analysis, 600 a-actinin-posi- 
tive cardiac myocytes were counted, and the number of TUNEL-positive 
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Fig. 4. BMP-2 does not induce hypertrophic growth of neona- 
tal myocytes. A, neonatal rat cardiac myocytes were plated onto cham- 
ber slides and incubated for 48 h with no addition (panel A) or with the 
addition of 80 ng/ml BMP-2 (panel B), 1 x 10 3 units/ml LIF (panel O, 
or 2 /ig/ml norepinephrine (panel D). Cells were labeled with anti-or- 
actinin antibody and viewed with a confocal microscope (magnifica- 
tion x 40). B, cardiac myocytes were treated with 80 ng/ml BMP-2, 1 x 
10 3 units/ml LIF, or 2 *tg/ml norepinephrine (N.E) for 48 h. Cardiac 
myocytes (100 cells for each treatment) were traced, and cell-surface 
areas were measured with the aid of the Macscope program. Each bar 
represents the mean ± S.D. *, p < 0,01 versus BMP-2; **, p < 0.0001 
versus BMP-2. C, cardiac myocytes were treated with 80 ng/ml BMP-2, 
1 X 10 3 units/ml LIF, or 2 /xg/ml norepinephrine and co-incubated with 
[ 3 HJ leucine for 24 h. Aliquots were counted with a scintillation counter. 
The data are expressed as relative absorbance normalized to the mean 
absorbance of untreated control cells. Each bar represents the mean ± 
S.D. (n = three experiments). *, p < 0.05 versus BMP-2; **, p < 0.01 
versus BMP-2. 



cells among them was expressed as a percentage. The cell death detec- 
tion assay (Roche Molecular Biochemicals) measures the presence of 
the soluble histone-DNA complex as a result of DNA fragmentation (33). 
For this assay, neonatal rat cardiac myocytes were cultured at a density 
of 5 X 10 6 /1 ml in 6-cm dishes. After culturing in Medium 199 with 10% 
FCS for 24 h, the medium was changed to Medium 199 with 1% FCS, 
and the cells were incubated for 24 h. Next, the cardiac myocytes were 
cultured without serum for another 12 h and stimulated with BMP-2. 
48 h later, all cells were collected in lysis buffer and subjected to capture 
ELISA according to the manufacturers protocol. Each experiment was 
carried out in triplicate and repeated in three independent 
experiments. 

Antisense Assay — The antisense and sense phosphorothioate oligo- 
nucleotides were designed as described by Wang et al. (34): antisense, 
CTGAGACATTTTTAT and sense, ATAAAAATGTCTCAG. This region 
of murine bcl-x L is completely identical to that of rat bcl-x L (35). Anti- 
sense oligonucleotide assays were performed according to previously 
described methods (36). 

Generation of Recombinant Adenovirus and Protocol for Adenoviral 
Infection — The recombinant adenoviruses expressing Smad proteins 
were kindly donated by Dr. K. Miyazono (Tokyo University Medical 
School) (37). The recombinant viruses were purified and concentrated 
as described previously (38). They were prepared for experiments at 
high multiplicity of infections. 36 h after plating, cardiac myocytes were 
transfected with adenoviral vectors in Medium 199 with 10% FCS at a 
multiplicity of infection of 20 and incubated for 12 h. After removal of 
the viral suspension, cardiac myocytes were serum-starved for 6 h and 
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Fig. 5. BMP-2 promotes survival and diminishes apoptotic cell 
death in neonatal rat cardiac myocyte primary cultures. A, neo- 
natal rat cardiac myocytes were treated with various concentrations of 
BMP-2 or 1 x 10 3 units/ml LIF for 48 h. The viability of cardiac 
myocytes was determined by the MTS cell respiration assay, and the 
data are expressed as relative absorbance normalized to the mean 
absorbance of untreated control cells. Each bar represents the mean ± 
S.D. (n = three experiments). *, p < 0.05 versus control; **, p < 0.01 
versus control. J3, shown is a representative image of TUNEL-positive 
cardiac myocytes in culture (magnification x 100). Cardiac myocytes 
were plated onto chamber slides and incubated for 48 h with or without 
(Control) the addition of BMP-2 (80 ng/ml). Cells were subjected to 
Hoechst dye, TUNEL, and anti-a-actinin antibody staining. C, shown 
are the results from the quantitative analysis of the percentage of cells 
undergoing apoptosis as measured by the TUNEL technique. Each bar 
represents the mean ± S.D. (n = six experiments). * p p < 0.01 versus 
control. Z>, neonatal rat cardiac myocytes were treated with BMP-2 (80 
ng/ml) for 48 h. To quantify apoptosis, commercially available ELISA 
was used to detect histone-associated DNA fragments. The data are 
expressed as percentages of the values obtained with untreated control 
cells. Each bar represents the mean ± S.D. (n = three experiments). *, 
p < 0.01 versus control. 

stimulated with reagents. The adenoviral vector expressing /3-galacto- 
sidase (referred to as Ad-0-gal) was used as a control. 

Statistical Analysis — Data are presented as means ± S.E. Statistical 
analysis was carried out using unpaired Student's t tests. A p value of 
<0.05 was considered significant. 

RESULTS 

Reverse Transcription-PCR Analysis ofRNAs for BMP-2 and 
BMP Receptors — mRNA expression of BMP receptors was an- 
alyzed in cardiac myocytes grown in the absence or presence of 
BMP-2 (80 ng/ml). Cultures were assayed for the expression of 
BMP-2, BMPR-IA, BMPR-IB, BMPR-II, and activin receptor I 
(ActR-I) mRNAs by reverse transcription-PCR after 3 h in 
culture. As shown in Fig. 1, mRNAs for BMPR-IB, ActR-I, and 
BMPR-II were readily apparent in control cultures, whereas 
mRNAs for BMP-2 and BMPR-IA were less abundant. Cultures 
grown in the presence of BMP-2 expressed BMP-2, BMPR-IA, 
BMPR-II, and ActR-I mRNAs. Although this PCR method is 
not quantitative, the induction of BMP-2 and BMPR-IA 
mRNAs following exposure to BMP-2 was striking. These ob- 



servations indicate that treatment with BMP-2 can activate 
heart cells through its receptors. 

BMP-2 Induces the Activation of Smadl and p38 MAPK in 
Neonatal Rat Cardiac Myocytes — To determine whether 
BMP-2 transduces signals in neonatal cardiac myocytes, we 
examined the phosphorylation of Smadl, p38 MAPK, ERK1/2, 
and JNK after BMP-2 stimulation by Western blot analysis. 
After 8 h of culture in serum-deprived medium, cardiac myo- 
cytes were stimulated with BMP-2 (80 ng/ml) for the times 
indicated (Fig. 2A). Smadl was rapidly phosphorylated within 
15 min in cardiac myocytes, followed by a decrease within 2 h. 
As shown in Fig. 2B y BMP-2 also activated Smadl in a dose- 
dependent manner. The amounts of Smadl protein were the 
same for each period (Fig. 2, A and B> lower panels). In the 
MAPK family, p38 MAPK was rapidly phosphorylated within 5 
min, whereas ERK1/2 and JNK were not activated (Fig. 2C). 

BMP-2 Induces the Expression of junB and BNP 
mRNAs — The induction of immediate-early genes precedes the 
late phenotypic changes in cardiomyocytes following stimula- 
tion of G-protein-coupled receptors in vitro (39—41) and cardiac 
hypertrophy in vivo (42). We therefore determined whether 
stimulation of cardiomyocytes with BMP-2 would induce junB 
gene expression. Stimulation with BMP-2 resulted in the rapid 
and transient induction of junB mRNA (Fig. 3A). BMP-2 also 
induced junB mRNA expression in a dose-dependent manner 
(Fig. 3B). Since the reactivation of an embryonic pattern of 
gene expression is a hallmark of cardiomyocyte hypertrophy, 
we therefore determined whether stimulation of cardiomyo- 
cytes with BMP-2 would induce BNP gene expression. As 
shown in Fig. 3C, enhancement of BNP mRNA expression was 
detected within 6 h, with a maximum level at 12 h, followed by 
a decrease within 24 h. 

BMP-2 Does Not Induce Hypertrophic Growth of Cardiac 
Myocytes — Neonatal rat ventricular cardiomyocytes respond to 
various hypertrophic stimuli by an increase in individual cell 
size, assembly of myofibrils, and induction of the BNP gene. To 
assess the effects of BMP-2 on these morphological features of 
a hypertrophic response, cardiomyocytes were treated with 
BMP-2 (80 ng/ml) and stained with an anti-a-actinin antibody. 
Unstimulated cells and LIF/norepinephrine-treated cells 
served as negative and positive controls, respectively. Interest- 
ingly, BMP-2 did not induce a strong hypertrophic response in 
cardiac myocytes in comparison with LIF and norepinephrine, 
but did induce BNP gene expression (Fig. 4A). To quantify 
hypertrophic effects, we measured the cell-surface area and the 
incorporation of [ 3 H] leucine as described under "Experimental 
Procedures." As shown in Fig. 4 GB and C), the increase in cell 
size and ( 3 H]leucine incorporation induced by BMP-2 was sig- 
nificantly less than those induced by LIF or norepmephrine. 
These findings suggest that the hypertrophic effects of BMP-2 
are significantly less than those of LEF and norepinephrine. 

BMP-2 Promotes Survival and Diminishes Apoptotic Cell 
Death through the Induction of Bcl-x L — Primary cultures of 
neonatal rat ventricular myocytes maintained in serum-free 
medium exhibited a gradual reduction in cell numbers. We 
performed an MTS cell respiration assay to measure cell via- 
bility in primary cultures of neonatal rat cardiac myocytes. The 
myocytes were cultured in the presence or absence of BMP-2 for 
48 h. As shown in Fig. 5A, BMP-2 promoted myocardial cell 
survival in a dose-dependent manner. LEF-treated cells served 
as positive controls. On the other hand, BMP-2 could not pro- 
mote survival of cardiac non-myocytes (data not shown). We 
examined next whether the survival effect of BMP-2 was me- 
diated by inhibition of programmed cell death (apoptosis). We 
performed the TUNEL assay and cell death detection ELISA on 
primary cultures of neonatal rat cardiac myocytes. About 18% 
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Fig, 6. BMP-2 induces bcl-x^ in neo- 
natal rat cardiac myocyte primary 
cultures. A, neonatal rat cardiac myo- 
cytes were treated with BMP-2 (80 ng/ml) 
for the indicated periods of time. bcl-x L 
and bcl-2 mKNA expression was exam- 
ined by Northern blot analysis. B t densi- 
tometry was used to assess the relative 
intensity of the band for bcl-x L and bcl-2 
as a ratio in comparison with the inten- 
sity of the band for 28 S rRNA. The data 
are expressed as relative absorbance nor- 
malized to the mean absorbance of un- 
treated control cells. Values represent the 
means ± S.D. in = three experiments.) *, 
p < 0.05 versus control; **, p < 0.01 ver- 
sus control. C, cardiac myocytes were 
treated with BMP-2 (80 ng/ral) for 24 h. 
Cells were directly lysed with SDS-poly- 
acrylamide gel electrophoresis solution, 
and the cell lysates were Western-blotted 
with anti-Bcl-x^ (aBcl-xL) f anti-Bcl-2 
(aBcl-2\ and anti-a-tubulin (ot aTubulin) 
antibodies. D f densitometry was used to 
assess the relative intensity of the band 
for Bcl-x L and Bcl-2 as a ratio in compar- 
ison with the intensity of the band for 
a- tubulin. The data are expressed as rel- 
ative absorbance normalized to the mean 
absorbance of untreated control cells. Val- 
ues represent the means ± S.D. (n = 
three experiments). *, p < 0.05 versus 
control. 



of the cardiac myocytes maintained in serum-deprived medium 
for 48 h showed positive TUNEL staining (Fig. 5B). As shown 
in Fig. 5C, BMP-2 (80 ng/ml) significantly reduced TUNEL- 
positive cells. Cell death detection ELISA also demonstrated 
that BMP-2 significantly suppressed serum deprivation-in- 
duced nuclear fragmentation (Fig. 5D). These results indicate 
that BMP-2 acts as a survival factor at least in part by pre- 
venting programmed cell death in neonatal rat cardiac 
myocytes. 

To investigate the molecular mechanism that relates to the 
anti-apoptotic effect of BMP-2, we examined the expression of 
bcl-x L and bcl-2, which are anti-apoptotic members of bcl-2 
families. Neonatal rat cardiac myocytes were treated with 
BMP-2 (80 ng/ml) for the indicated periods of time. Upon ex- 
amination by Northern blot analysis, expression of bcl-x L and 
bcl-2 mRNAs showed enhancement of bcl-x L gene expression in 
cardiac myocytes, with the maximum level attained at 24 h, 
whereas no enhancement of bcl-2 gene expression was detected 
(Fig. 6, A and B). We also examined the expression of Bcl-x L 
and Bcl-2 proteins by Western blot analysis in cardiac myo- 
cytes treated with BMP-2 (80 ng/ml) for 24 h. A high level of 
Bcl-x L was also detected in BMP-2-treated cells, but no up- 
regulation of Bcl-2 (Fig. 6, C and D). These results indicate that 
BMP-2 may promote cardiac myocyte survival through the 
induction of Bcl-x L . 

Antisense Oligonucleotides to bcl-x L Attenuate the Anti-apo- 
ptotic Effect of BMP-2 — To demonstrate the specificity of bcl-x L 
antisense oligonucleotides, cardiac myocytes were treated with 
bcl-x L antisense or sense oligonucleotides in the presence or 
absence of BMP-2 for 48 h. The myocytes were subsequently 
examined with the MTS cell respiratory assay. In the presence 
of antisense oligonucleotides, the increase in Bcl-x^ induced by 
BMP-2 was inhibited, but not in the presence of sense oligonu- 
cleotides (Fig. 7A). Antisense oligonucleotides against bcl-x L 
mRNA canceled the BMP-2-mediated protective effect on cell 
survival (Fig. IB). Although the sense nucleotides also inhib- 
ited BMP-2-mediated cell protection, their inhibitory effect 
was significantly less than that of antisense oligonucleotides 
(Fig. IB). 
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Smadl in the Adenoviral Vector Promotes Survival in Neo- 
natal Rat Cardiac Myocytes — We investigated the molecular 
mechanisms that regulate bcl-x L gene expression upon BMP-2 
stimulation in cardiac myocytes using an adenovirus-based 
vector system that allows for highly efficient transfection of 
DNAs into many cell types. In our study, we demonstrated that 
activation of BMP receptors resulted in the activation of down- 
stream signaling pathways, including Smadl and p38 MAPK. 
To identify the downstream effector for BMP-2-mediated pro- 
tection of cell survival through the induction of bcl-x Lf the 
effects of Smadl on cell survival and bcl-x L induction were 
examined. We performed an MTS respiratory cell assay, a 
TUNEL assay, and cell death detection ELISA in cultured 
cardiac myocytes transfected with adenoviral vectors express- 
ing Smadl (referred to as Ad-Smadl) in the presence or ab- 
sence of BMP-2 for 48 h. Interestingly, the phosphorylation of 
Smadl was detected in cultured cardiac myocytes transfected 
with Ad-Smadl (Fig. 8A). As shown in Fig. 8B, Smadl pro- 
moted cell survival, which was enhanced by the presence of 
BMP-2. TUNEL-positive cells were significantly reduced in 
cardiac myocytes transfected with Ad-Smadl compared with 
those in untransfected cardiac myocytes (Fig. 8C). Cell death 
detection ELISA also showed that fragmented DNA was sig- 
nificantly reduced in cardiac myocytes transfected with Ad- 
Smadl (Fig. 8J9). Altogether, these results indicate that the 
survival effect of Smadl is mediated by inhibition of apoptosis. 
Moreover, the expression of the bcl-x L gene and protein was 
increased in cultured cardiac myocytes transfected with Ad- 
Smadl (Fig. 9, A-D). These findings suggest that BMP-2 pro- 
motes cardiac muscle survival through the induction of bcl-x L 
via the Smad signaling pathway. 

Smad6 in the Adenoviral Vector Inhibits the Anti-apoptotic 
Effect— To examine whether Smad6 inhibits the Smadl-medi- 
ated protective effect on cell survival by inhibition of apoptosis, 
we performed an MTS respiratory cell assay and TUNEL assay 
of cultured cardiac myocytes transfected with adenoviral vec- 
tors expressing Smad6 (referred to as Ad-Smad6) or Ad-j3-gal in 
the presence or absence of BMP-2 for 48 h. As shown in Fig. 
10A, Smad6 inhibited BMP-2-mediated phosphorylation of 
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Smadl as determined by Western blot analysis and also inhib- 
ited BMP-2-mediated protection of cell survival by prevention 
of apoptosis (Fig. 10, B and C). These findings again indicate 
that the Smad pathway is essential for the induction of cardiac 
protection. 

DISCUSSION 

The importance of BMP-2 in development of the heart is 
highlighted by the characterization of mice with targeted dis- 
ruption of BMP-2 and the findings of BMP-2-induced beating 
cardiomyocytes in non-precardiac mesodermal chick cells (12, 
13). In the study reported here, we have documented the ex- 
pression of BMP-2 receptors and signaling pathways in the 
postnatal myocardium. Furthermore, we demonstrated the oc- 
currence of BMP-2-induced novel phenotypic changes in neo- 
natal cardiac myocytes. 

BMP signaling at the plasma membrane is mediated by a 
subset of transmembrane serine/threonine kinase receptors (1, 
2). However, a certain redundancy in the ligand binding of type 
I receptors has been reported (7, 43). Three structurally related 
type I receptors, BMPR-IA and BMPR-IB (7) and ActR-IA, and 
one type II receptor, BMPR-II (44), have been identified as the 
specific receptors for BMPs. We observed all these receptors to 
be expressed in cardiomyocytes. Presumably, BMP-2 binds to 
BMPR-II in cardiac myocytes, after which BMPR-IA, BMPR- 
IB, or ActR-I is recruited to the BMP-2 BMPR-II complex. We 
demonstrated, in terms of intracellular signaling pathways, 
the activation of Smadl and p38 MAPK, but not of ERK1/2 or 
JNK, by stimulation with BMP-2. In support of our data, Zhang 
et al. (45) reported the selective activation of p38 MAPK (but 
not JNK and ERK1/2) in myocardia from cardiac-specific acti- 
vated TAK-1 transgenic mice, whereas treatment with BMP-2 
was shown to activate TAK-1 in other cell systems, accompa- 
nied by both p38 MAPK and JNK (6-9). 

BMP-2, a pleiotropic cytokine involved in regulating growth 
and differentiation, can exert both pro-apoptotic and anti-apo- 
ptotic effects (11-13). BMP-induced apoptosis has been re- 
ported in vivo, e.g. in rhombomeres 3 and 5 (46) and in the 
interdigit field of the limb (11, 47) in the developing chick. On 
the other hand, BMPs have been found to be involved in a 
sequence of interactions that influence neuronal survival (48, 
49). The regulation of apoptosis by BMPs is complex, being 
influenced by the degree of differentiation and intrinsic suscep- 
tibility of target cells as well as by localized cellular 
interactions. 

In this report, we provide the first evidence that BMP-2 can 
promote survival without hypertrophy of cardiac myocytes. 
There is a growing list of stimuli that induce hypertrophic 
growth of cardiac myocytes, including a ^adrenergic agents, 
mechanical stretch, thyroid hormone, fibroblast growth factors, 
heparin-binding epidermal growth factor-like growth factor, 
endothelin, insulin-like growth factor- 1, neuregulin, LIF, car- 
diotrophin-1, angiotensin II, and interleukin-1/3 (18-22, 50- 
54). Among these, angiotensin II (55) and interleukin-10 (56) 
have been reported to be hypertrophic and pro-apoptotic stim- 
uli, whereas insulin-like growth factor- 1, neuregulin, LIF, and 
cardiotrophin-1 are hypertrophic and anti-apoptotic factors. 
Although cardioprotective factors can be considered clinically 
suitable for treating subjects with heart failure (57), the hyper- 
trophic effect accompanying the cardioprotective function of 
these factors may promote structural and geometric changes in 
the left ventricle that are commonly referred to as remodeling. 
Progressive, adverse remodeling of the myocardium may lead 
to ventricular dilatation and congestive heart failure. Com- 
pared with other survival factors, BMP-2 did not strongly pro- 
mote hypertrophic growth of neonatal cardiac myocytes, sug- 
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Fig. 7. Antisense oligonucleotides to bcl-x L attenuate the anti- 
apoptotic effect of BMP-2. A, neonatal rat cardiac myocytes were 
treated with BMP-2 (80 ng/ml) in the presence of antisense or sense 
oligonucleotides (5 /am) for 24 h. Cells were directly lysed with SDS- 
polyacrylamide gel electrophoresis solution. The cell lysates were West- 
ern-blotted with anti-Bd-x L antibody (aBcl-x&. Experiments were per- 
formed three times with similar results. Representative data are 
shown. S, cardiac myocytes were treated with BMP-2 (80 ng/ml) in the 
presence of antisense or sense oligonucleotides (5 jlm) for 48 h. The 
viability of cardiac myocytes was determined by an MTS cell respiration 
assay, and the data are expressed as relative absorbance normalized to 
the mean absorbance of untreated control cells. Each oar represents the 
mean ± S.D. (n = three experiments). *, p < 0.01 versus control; 
**, p < 0.01 versus BMP-2 with sense bcl x L . 

gesting that BMP-2 may be a good candidate for clinical 
application. 

With respect to the mechanisms that relate to the anti- 
apoptotic effect of BMP-2, we focused on Bcl-x L expression in 
cardiomyocytes since Bcl-x L has a critical role in anti-apopto- 
sis, counteracting apoptotic signals in a variety of cells, includ- 
ing cardiomyocytes (58). We have provided direct evidence of 
BMP-2-promoted cardiac muscle survival through the induc- 
tion of Bcl-x L . Antisense oligonucleotides against bcl-x L mRNA 
reduced the BMP-2-mediated cytoprotection with a correspond- 
ing reduction in the Bcl-x L protein levels. These observations 
indicate that the induction of the bcl-x L gene in cardiac myo- 
cytes might be a key molecular event for BMP-2-induced myo- 
cardial protection. 

We next used an adenovirus-based vector system that allows 
for highly efficient DNA transfection in many cell types to 
investigate the molecular mechanisms by which bcl-x L gene 
expression is regulated following BMP-2 stimulation in cardiac 
myocytes. The efficiency of expression examined with the lacZ 
gene in cardiac myocytes infected by adenovirus was found to 
exceed 90% (data not shown). To assess whether Smadl alone 
is sufficient to induce cardiac myocyte protection, the Smadl- 
expressing adenovirus was used. Smadl was found to promote 
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Fig. 8. Smadl in an adenoviral vector promotes survival and diminishes apoptotic cell death in neonatal rat cardiac myocyte 
primary cultures. A, neonatal rat cardiac myocytes were transfected with Ad-Smadl at the indicated multiplicity of infection (MOT) and 
incubated for 12 h. Cell lysates (20 fig of proteins) were subjected to immunoblotting with anti-Smadl (aSmadl) and anti-phospho-Smadl 
(ap-Smadl) antibodies. £, cardiac myocytes were transfected with Ad-Smadl. Next, the myocytes were incubated with or without BMP-2 (80 
ngfrnl) for 48 h. Ad-0-gal was used as a negative control. The viability of cardiac myocytes was determined with the MTS cell respiration assay, 
and the data are expressed as relative absorbance normalized to the mean absorbance of untreated control cells. Each bar represents the mean ± 
S.D. (n - three experiments). *, p < 0.01 versus control; **, p < 0.05 versus control; p < 0.05 versus Ad-Smadl or BMP-2. C, cardiac myocytes 
were transfected with Ad-Smadl with or without BMP-2 (80 ng/ml) for 48 h. Shown are the results from the quantitative analysis of the percentage 
of cells undergoing apoptosis as measured by the TUNEL technique. Each bar represents the mean ± S.D. (n = six experiments). *, p < 0.001 
versus control; **, p < 0.01 versus BMP-2. D, to quantify apoptosis, commercially available ELISA was used to detect histone-associated DNA 
fragments. The data are expressed as a percentage of the fragments seen in untreated control cells. Each bar represents the mean ± S.D. (n = three 
experiments). *,p < 0.05 versus control, **, p < 0.01 versus BMP-2. 



Fig. 9. Smadl induces bcl-x^ in neo- 
natal rat cardiac myocyte primary 
cultures. A, neonatal rat cardiac myo- 
cytes were transfected with Ad-Smadl 
(Smadl (adeno)) or Ad-j3-gal (&-gal (ad- 
eno)). Next, the myocytes were cultured 
without serum for another 24 h. bcl-x L 
mRNA expression was examined by 
Northern blot analysis. B, densitometry 
was used to assess the relative intensity 
of the band for bcl-x L mRNA as a ratio in 
comparison with the intensity of the band 
for 28 S rRNA. The data are expressed as 
relative intensity. Values represent the 
means ± S.D. (n = three experiments). *, 
p < 0.01 versus control. C, cardiac myo- 
cytes were transfected with Ad-Smadl or 
Ad:/3-gal with BMP-2 (80 ng/ml). Next, 
the myocytes were cultured without se- 
rum for another 24 h. The cell lysates 
were Western-blotted with anti-Bcl-x L an- 
tibody. £), densitometry was used to as- 
sess the relative intensity of the band for 
Bcl-x L as a ratio in comparison with the 
intensity of the band for ae-tubulin. The 
data are expressed as relative intensity. 
Values are the means ± S.D. (n — three 
experiments). *, p < 0.01 versus control. 
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survival, which was enhanced by the presence of BMP-2. This that Smadl is a major signaling molecule for cardiac survival 
may have been because Smadl efficiently translocated into the via BMP pathways. 

nucleus upon ligand stimulation. Our findings thus suggest Smad6 has been shown to inhibit the effects of pathway- 
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Fig. 10. Smad6 in the adenoviral vector inhibits the anti- 
apoptotic effect and induction of bchx^ by BMP-2 and Smadl. A, 

cardiac myocytes were transfected with adenoviral vectors expressing 
FLAG-tagged Smad6 or /3-galactosidase (B-gal). Next, the myocytes 
were stimulated with BMP-2 (80 ng/ml) for 30 min. Cell lysates (20 u£ 
of proteins) were subjected to immunoblotting with anti-phospho- 
Smadl (ap-Smadl), an ti-FLAG- tagged Smad6 (aFlag-SmadG), and an- 
ti- or- tubulin (aTubulin) antibodies. Experiments were performed three 
times with similar results. B, the viability of cardiac myocytes was 
determined by the MTS cell respiration assay, and the data are ex- 
pressed as relative absorbance normalized to the mean absorbance of 
untreated control cells. Each bar represents the mean ± S.D. (n = three 
experiments). *,p < 0.01 versus control; **,/> < 0.05 versus BMP-2. C, 
cardiac myocytes were transfected with Ad-Smad6 or Ad-/3-gal. Next, 
the myocytes were incubated with or without BMP-2 (80 ng/ml) for 48 h. 
Shown are the results from the quantitative analysis of the percentage 
of cells undergoing apoptosis as measured by the TUNEL technique. 
Each bar represents the mean ± S.D. (n = six experiments). *,p < 0.01 
versus control; **, p < 0.01 versus BMP-2. 

restricted Smad proteins by competing for binding to activated 
type I receptors. It was also shown that Smad6 inhibits the 
activity of Smadl by competing for complex formation with 
Smad4 (37). In the present report, we showed that the BMP- 
2-promoted survival effect was completely blocked in myocytes 
expressing Smad6. These findings again indicate that the 
Smad pathway is essential for the induction of cardiac 
protection. 

However, it is still possible that the MAPK pathway may be 
related to BMP-2-induced anti-apoptosis because we have not 
examined whether the activation of p38 MAPK by BMP-2 can 
activate anti-apoptotic mechanisms in cardiac myocyte cells. 
Although Smad6 was recently reported to function as a nega- 
tive regulator of the TAK-1 pathway in BMP-2 signaling, in 
addition to the previously reported Smad pathways (59), we 
found that Smad6 did not reduce BMP-2-induced p38 MAPK 
activation in cardiac myocytes (data not shown). Moriguchi et 



al. (7) have shown the existence of a kinase cascade consisting 
of TAK-l/MKK6/p38 MAPK downstream of BMP. Other re- 
ports have shown that treatment of cells with ceramide (8), 
interleukin-li3 (60), and transforming growth factor- /3 (6) re- 
sults in activation of the TAK-1/JNK cascade. JNK and p38 
MAPK, collectively known as stress-activated protein kinases, 
are involved in pro-apoptosis, probably by inducing expression 
of a Fas ligand (61). On the basis of these findings, we conclude 
that BMP-2-induced anti-apoptosis is most likely mediated by 
the Smad signaling cascade. So far, intracellular signaling 
pathways leading to anti-apoptotic effects of cardiotrophic fac- 
tors such as insulin-like growth factor-1, cardiotrophin-1, LIF, 
and neuregulin have been reported to involve ERK, phosphati- 
dylinositol 3-kinase/Akt, and Stat activation (20, 22, 62). In this 
study, we have demonstrated Smadl/Bcl-x L as a novel pathway 
for survival of cardiac myocytes. Whether the BMP-2/Smadl 
pathway is essential for cardiac protection under stress condi- 
tions in vivo cannot be answered on the basis of our data alone. 
Cardiac-specific gene overexpression and deletion may be more 
informative. 

In conclusion, we have provided the first evidence that 
BMP-2 can attenuate serum withdrawal-induced apoptosis in 
cardiac myocytes. The up-regulation of Bcl-x L via the Smadl 
pathway might be responsible for this protective effect. Our 
findings support the concept that the BMP-2/Smadl signaling 
system plays an important role in regulation of the myocar- 
dium and suggest that BMP-2 could be a new therapeutic agent 
for cardiac heart failure. 
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Backgrounds The vasculature is an important component in the musculoskeletal system, and ^s^lanzation is a 

key e^nt in the development of normal cartilage and bone formation Blood v ^ se ^ d ^ e ^ 

and precursor cells to maintain the structural and functional integrity of joints and soft and hard tissues. ^TJere- 

fore/agents that help to inhibit proliferation and retain the phenotype of vascular smooth ™«'° ^ 

of critical importance. In this study, we examined the capacity of bone morphogenetic prote.n-7 (BMP-7) to inhibrt 

the proliferation of SMCs and maintain their phenotype. o*i™.i**i rt n 

Methods- A thymidinenncorporation assay was used to monitor the proliferative activity of SMCs on stimulation 

Srt^ietS^ growth (actor (PDGF) and transforming growth factor-beta (TGPP), agents known to be stlmu- 

2£ ^tTSSXL^ trinscriita W lymerase chain reaction (RTWR), Northern ^«f^^ 

enzyme^inked immunosorbent assay (EUSA) were used to monitor the modulation of various genes and gene 

products. Immunolocalization of SMC specific markers was also performed. 

Results: BMP-7 inhibited both serum-stimulated and growth factor-induced (PDGF-BB and TGJ1)SMC growth^ as 
measured by ^thymidine uptake and cell number, in primary human aortic smooth ^toJJ^^' «JJJ* 
The addition of BMP-7 stimulated the expression of developmental^ regulated as well as SMOspecrfic markers, 
namely ld-1 and ld-2, a-actin, and SMC-specific heavychain myosin, as examined by semiquantitative and quanti- 
RtSf ^and by Northern blot analysis. Additionally, BMP-7 exhibited antHnflammatory activity by downregu- 
MM Cellular adhesion molecule-1 (KAM-i) expression. The collagen type 111/1 ratio that becomes lower wrth 
£e ^SdXenliation of SMCs into myofibroblasts is maintained in BMP-7-treated cultures 
uritrS controls. Studies on the mechanism of action indicate that BMP-7 
Zs*2 inhibitor, P 21. which was inhibited during PDGPBB-induced orol^ratlon of S ^ C ^ 
lates the expression of the inhibitory Smads, SmadB and Smad7. which are known to inhibit TGFp superfamily 

cSililons: These results suggest that BMP-7 maintains the expression of the vascular SMC Pjenojjpe Thus^ 
BlJ™7 may Prevent vascular proliferative disorders and potentially could act as a palliative agent following dam- 

SS^t^^ disorders in which the vasculature ^ » 

of benefit as an anti-inflammatory and antl-proliferative agent for vascular endothelium and help maintain vascu- 
lar integrity. 



Vascular trauma due to metabolic mechanical, or im- 
munological insult is characterized by changes in the 
vascular endothelium, including migration and pro- 
liferation of smooth muscle cells (SMCs), loss of expression of 
SMC phenotype, enhanced extracellular-matrix synthesis, and 
cell death due to apoptosis and necrosis. These cellular 
changes gradually result in ultima! thickening of the blood 
vessel and loss of elasticity in the vasculature 1 . Vasculature also 
plays an important role in endochondral ossification*, and 
vascularization is a key event in the development of normal 
cartilage and bone. 



A number of local and systemic factors participate in the 
maintenance of vascular integrity". Platelet-derived growth 
factor (PDGF), basic fibroblast growth factor (bFGF), and 
insulin-like growth factor- 1 (IGF-1) are known to exert strong 
growth-promoting activity on SMCs in vitro 3 and play critical 
roles in the migration and proliferation of SMCs in vfw*- 7 . 
Notably, these growth factors are detected at high concentra- 
tions within vascular proliferative lesions'* Conversely, sys- 
temic factors such as gamma-interferon and progesterone 
have been shown to exhibit growth-inhibitory activity on 
SMCs* 10 . TGF-ft a bifunctional growth-regulatory molecule 
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for vascular SMCs, stimulates or Inhibits cell growth, depend* 
ing on the cell culture conditions, the presence of other 
growth-regulatory molecules* and the dose and frequency 
with which they are employed 1 '. It has been shown that the in- 
jury site has high concentrations of TGF-fi, which subse- 
quently cause an enhanced extracellular-matrix production 
leading to ultima! thickening in blood vessels. Thus, tbe regu- 
lation of SMC proliferation and expression of SMC phenotype 
is a dynamic process, tightly governed by local and systemic 
factors to maintain the vascular integrity and continuous 
blood flow in vivo. 

Bone morphogenetie proteins (BMPs), also called os- 
teogenic proteins (OPs), are members of the TGF-P su- 
perfemily, originally identified by their ability to induce 
endochondral bone formation at an extraskektal site 11 "* They 
have been shown to regulate the migration, proliferation, and 
differentiation of pluripotent progenitor cells involved in the 
development of organ systems during embryogenesis and in 
adult tissue repair 14 . We have shown that systemic administra- 
tion of recombinant human BMP-7 is capable of protecting 
heart", b^ain l6,, ^ and in particular kidney function following 
ischemia-reperfusion injury in rat models'*. The tissue protec- 
tive function of BMP-7 may be complex; however, we demon- 
strated that BMP-7 maintains the expression of vascular 
smooth muscle phenotype in peritubular capillaries after isch- 
emic acute renal feilure (ARF) in die rat". In addition, ad- 
ministration of BMP-7 in norepinephrme-induced ARF in 
rats has been shown to improve renal function by increasing 
the glomeruli filtration rate* renal blood flow, and urine flow 

rate "* , , - 

In this study, we show that BMP-7 mhibits proliferation 

and stimulates the expression of the SMC phenotype when it 
is added to human aorta-derived SMCs in culture. This BMP- 
7-induced growth-inhibitory effect was also observed when 
the SMC proliferation was stimulated by PDGF-BB and TGF- 
P» suggesting that in addition to its role in the prevention of 
ischemic injury, BMP-7 maybe a cytoprotective agent for vas- 
cular proliferative disorders. 

Materials and Methods 
Celt Culture 

Human primary aortic smooth muscle cells (HASM) were 
purchased from Clonencs (San Diego, California). They were 
grown in growth medium provided by the same company. 
Cells from passages 4-9 were used for all experiments, 

*H-Thymidine Incorporation 

HASM cells were plated into 24-well plates at a concentration 
of 4 X 10 1 cells/well such that they were 60-70% confluent 
the next day. At this time, they were rendered quiescent by 
changing the medium to Dulbccco's modified Eagle medium 
(DMHM) (Gibco BRL, Gaithersburg, Maryland) containing 
0.1% serum for 60-72 hours. The medium was then replaced 
with DMEM containing 1% serum with or without various 
concentrations of a homogenous preparation of recombinant 
human mature BMP-7 M , PDGF-BB, or TGF-P (Upstate 
Bioiogicals, Syracuse, New York) for 24 hours. During the 



last 3 hours of culture, cells were labeled with Imethyi-'H]- 
thymidine (Dupont/NEN, Boston, Massachusetts) at 1 uCi/ 
ml/well in thyrmdine-free medium. At the end of the incuba- 
tion period, the cells were fixed in 75% methanol/25% acetic 
acid (v/v) for at least 2 hours, followed by several washes 
with 80% methanol. Incorporated 5 H-thymidine was mea- 
sured in a liquid scintLUation counter. All experiments were 
performed multiple times employing cells from different pas- 
sages (passages 4-9). The data presented are representative of 
one such experiment. 

Celt Counting 

HASM cells were plated into a 24-well plate at a concentration 
of 8 X 10* cells/well. After 24 hours* various concentrations of 
BMP-7, PDGF-BB, or TGF-pl were added and the cells were 
incubated for a total of 72 hours. The total cell number was 
determined at 0, 24, 48, and 72 hours with use of a hemocy- 
tometer and trypan blue staining for viable cells. Cells from 
four wells were combined for an average reading. 

Long-Term Cultures of HASM Celts 

Eight 100-mm dishes were plated with HASM cells at a 
concentration of 1.2 X 10 6 cells/dish. After 24 hours, 100 ng/ 
ml BMP-7 was added to four plates and an equal amount of 
vehicle was added to the other four. The day that the cultures 
reached confluence was noted and marked as day 0. The me- 
dium was changed that day and every other day thereafter, 
and fresh BMP-7 was added. Beginning day 3 and every other 
day thereafter, one plate from each group was harvested and 
total RNA was isolated- Thus, total RNA was made from 
BMF-7-treated and untreated cultures on day 3, 5, 7, and 9, 
respectively. 

Total RNA Preparation and Semiquantitative Reverse 
Transcriptase-Polymerase Chain Reaction (RT-PCR) Analysis 
Total RNA from HASM cells was isolated with TRlzol as 
indicated (Gibco BRL). Contaminating genomic DNA was 
removed with RNAase-free DNAase following the manufac- 
turer's protocol. Complementary DNA was synthesized with 
Superscript reverse transcriptase (Gibco BRL) as described in 
the same protocol Four micrograms of DNAase-treated RNA 
was incubated with 2 ul oligo dT at 70°C for 10 minutes. Next, 
14 ul of 5X buffer, 7 ul DTT (0.1 M), 3.5 ul of each nucleotide 
(10 mM), 1.5 ul RNAase inhibitor, and 2 ul Superscript reverse 
transcriptase (Gibco BRL) were added to each reaction. The 
samples were incubated for 10 minutes at room temperature, 
50 minutes at 42°C 10 minutes at 50°C, and 5 minutes at 
90°C RNAase-H (1 ul) (Gibco BRL) was added to the reac- 
tions, and samples were incubated for 20 minutes at 37°C 
PGR was performed as indicated by the manufacturer (Per- 
kin-Elmer, Norwalk, Connecticut) with the following primers: 
a-actin sense 5'GCT CAC GGA GGC ACC CCT GAA,anti- 
sense 5'CIG ATA GGA CAT TGT TAG CAT; ^ycerdderryde- 
3-phosphate (GAPDH) sense 5' ACC ACA GTC CAT GCC 
ATC AC, antisense 5'TCC ACC ACC CTG TIG CTG TA^cnl- 
lagen Ul sense 5'GGT GTG GAC GTT GGC CCT GTT TGQ 
^tisense 5'CTA AGT AAC CGT ACG GTG TCC Q collagen I 
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Eff *« of^ne Oogenetic prot e ,r>7 (BMP-7), transform growth f^ta (T^), and piet^enved ^7°^ G ^ u ^ 

aortic smooth muscle proton. First. 4 * wera seru^rv^ for 48 nours. TT^ wer* then «^ 

taming 1% serum At fhtettn*. various concentrations of BMP-7, TSf^. or PDGF-BB (A) or various concentrations of BM*7 plus 1 ntfml 1W» (B) 

"rrhotn^TZn-Olne at 1 pCi/ml. For cumber studies, the PDQFtt (40 ntfm.) and BM^7 (100 r^m.H^atad outturn were har- 

^counts Z minute (cpm) Incorporated by control cultures. *P < 0.05 and **P < 0.01 compared with 0 ng/ml growth factor. (Adapted wrth per- 

IZ^nhioIsrnoothm^^^ 
J Cell PlWS'oL 2000;lS4:37-45.) 



sense 5'TGA CTT GAG ACT CAG CCA CCC A, antisense 
5'AGG TTG CCA GTC TCC TCA TCC A; and intercellular 
adhesion molecule- 1 (ICAM-1) sense 5'GGG AAT CCA GCC 
CCT AAT CTG A, ICAM-1 antisense 5'GAC TGT CCC AGC 
TTTCCCATGT. 

Reactions included 5 pi of 10* buffer, 3 pi of 25 mM 
MgCl,, 1 ulof 10 rnMdNTP, 1 pi of 20 uM3' primer, 1 pJ of 20 
uM 5' primer, 0-5 pi Taq polymerase (Perkin-Elmer, Foster 
City, California)* and 1 pi cDNA- Samples were incubated for 
5 minutes at 94°C follow^ by 25-40 cycles of 45 seconds at 
94°C, 45 seconds at S^C, 1 minute at 72*C, and final exten- 
sion at 72°C for 10 minutes in a Perkin-Elmer DNA Thermal 
Cycler. To compare the relative quantity of the RT-PCR reac- 
tions, the transcription level of GAPPH was used as a control. 
GAPDH gene expression was found to be similar at all time 
points examined, enabling analysis of the relative levels of 
gene expression for the desired genes. PCR primer sets were 
optimized with use of human placental and embryonic cDNA 
libraries purchased from Clonetech (Palo Alto, California). 



The PCR product was verified at least twice. 
Quantitative RT-PCR Analysis 

cDNA was generated by reverse^ transcribing 1 tig of total RNA 
in a volume of 100 ul with use of a kit provided by Promega 
(Madison, Wisconsin). This cDNA (2 ul) was then used as a 
template for PCR reactions. Quantitative PCR was performed 
with use of a PE Biosystems 5700 SDS with SYBR Green core 
reagents (PE Biosytems, Foster City, California). Reactions 
were performed in triplicate and quantitated tq that of 
actin, which remained unchanged by the addition of BMP-7. 
The primers used were P-actm sense 5 'CTG GAA CGG TGA 
AGG TCA CA, antisense 5 'CGG CCA CAT TGT GAA CTT 
TG; p21 sense 5'CCC GTT TCT CCA CCT AGA CTG T, anti- 
sense 5'TGA GCA TTG TGC GAG GAG CT; Sroadfi sense 
5'GCC ACT GGA TCT GTC CGA TT, antisense 5'CAC CCG 
GAG CAG TGA TGA G; Smad7 sense 5 'CTG GGA GGG AGA 
TGC TEA GC, antisense 5'TCA GCC TAG GAT GGT ACC 
TTG G< oe-actin sense 5 'CCA GCA GAT GTG GAT CAG CA, 
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PDGF (40 jig/ml) plus BMP-7 <uft/ml) 



Effect of bono morphogenetic protein-7 (BMP-7) on p21 expression in 
platelet-derived growth factor (PDGF>treated human aortic smooth 
muscle cultures. First, 1 x 10" cells ware serum-starved for 48 hours 
before the addition of various concentrations of BMP-7 and PDGF (40 
ng/ml) In medium containing 1% ssrum. They were further incubated 
for 24 hours. Subsequently, the cDNA was isolated and subjected to 
quantitative reverse transcriptase-polymerase chain reaction with u$e 
of the human p-actln and o21 primers. 

antisense 5'AAG CAT TTG CGG TGG ACA AT; Id-1 sense 
5 'AG A ACC GCA AGG TGA GCA A, antisense 5TCC ACC 
TGA AGG TCC CTG ATG; Id-2 sense 5'CCA CCC TCA ACA 
CGG ATA TCA, antisense 5 'ACA CAG TGC TTT GCT GTC 
ATT TG; Id-3 sense 5'GCG GCA GAG CTG GTC TTC, anti- 
sense 5 'TCA GGG CAA CAG AAC CTT TCT Q basic calpo- 
nin sense 5 'AGG AGC TGA GAG AGT GGA TCG A, antisense 
5 f TCG CAA AGA ATG ATG CCA TCT; and H-chain myosin 
sense 5 'TCA ACA TGC AGG CGC TCA, antisense 5' CGT 
CTCAEACTC GTGAAG CTG TCT. 

Northern Blot Analysis 

Five micrograms of total RNA was electrophoresed in a 1.2% 
formaldehyde-agarose gel and blotted onto nitrocellulose fil- 
ters that were hybridized with randomly primed 32 P-labeled 
SmacUS cDNA probe as described 21 . The hybridized niters were 
washed in 30 mM NaCl ? 3 mAf sodium citrate, and 0*1% so- 
dium dodecyi sulfate at 55°C and autoradiographed on Kodak 
XAR film at -60°C on phosphor screen. To correct for differ- 
ences in RNA loading, the filters were washed at $0 fl C in 50% 
formamide solution and rehybridized with a radiolabeled 
GAPDH probe. The GAPDH probe was generated from RT- 
FCR product. 

ICAM-l Estimation byELISA 

HASM cells were plated at 5 X 10 1 cells/well in a 24- well plate, 
in growth medium containing 5% fetal bovine serum (FBS). 
The next day, the medium was replaced with medium con- 
taining 0.1% FBS. Then, 1 ng/ml of IL-lp (R&D Systems, 
Minneapolis, Minnesota) and various concentrations of BMP- 
7 were added as indicated. Three or five days later, the me- 
dium was removed and the cell layer was washed twice with 
phosphate buffered saline (FBS) and lysed in 03 ml PBS by 



three freeze-thaw cycles. Finally; 20-100 ul of cell lysates was 
analyzed for soluble human ICAM-l with use of BLISA kits 
(R&D Systems). Recombinant human ICAM-l and IL-6 were 
provided by the manufacturer and used as standards. 

The results are indicated as units/mg of protein in cell 
lysates. 

Results 

SMCs Express BMP-7 Receptors 

Prior to evaluating the direct effect of BMP-7 on vascular 
SMCs, we examined cultures of HASM cells for the presence 
of BMP-7 and its type-I and II receptors by RT-PCR. Al- 
though there was no detectable BMP-7, BMP type-I receptors 
ALK-3 (ActR-IA) and ALK-6 (BMPR-IB) were abundant. The 
presence of several type-I receptors for BMPs [ALK-2 (ActR- 
I), ALK-3 (BMPR-IA), and ALK-6 (BMPR-IB)] in vascular 
SMC also has been reported previously" -14 . Although we were 
unable to detect BMP type-II receptors (BMPR-II), we found 
abundant activin type-IIB receptor (ActR-IIB), which has 
been shown to function as a type-II receptor for BMP-7*. 
Similarly, BMP-2 has been shown to bind to ActR-n and ActR* 
IJB in the presence of the appropriate type-I receptors 1 *. 

BMP-7 Inhibits Serum and Growth 
Factor-Induced Proliferation of SMCs 

We examined the effect of exogenous!/ added BMP-7 on cell 
growth in HASM cell cultures by 5 H -thymidine incorporation 
into DNA. Prior to the addition of BMP-7, cells were synchro- 
nized by serum starvation for 60-72 hours and then induced 
to proliferate by providing the medium with 1% serum. Vari- 
ous concentrations of BMP-7 with or without PDGF-BB or 
TGP-pl were added. BMP-7 exhibits a biphask effect on the 
serum-induced proliferation of HASM cells in culture (Fig. 1- 
A). At very low concentrations (0.1-L0 ng/ml), BMP-7 had a 
small but reproducible stimulatory effect (about 10%) on 
these cells, whereas at higher concentrations (10-200 ng/ml) it 
inhibited the serum-induced HASM cell proliferation in a 
dose-dependent manner. About 60% inhibition of prolifera- 
tion was obtained within 24 hours by the addition of BMP-7 
(200 ng/ml). Under identical experimental conditions, TGF- 
01 (1 ng/ml) and PDGF-BB (40 ng/ml) stimulated the prolif- 
eration of HASM cells by 30% and 300%, respectively (Pig. 1- 
A). Interestingly, when BMP-7 was added in conjunction with 
these growth factors, the same biphask pattern was observed 
as seen with BMP-7 alone (Figs. 1-B and 1-C). At very low 
concentrations (0.1-1 ng/ml), BMP-7 had either no effect or a 
small but reproducible stimulatory effect, whereas at higher 
concentrations (10-200 ng/ml), BMP-7 was able to inhibit the 
stimulatory activity of TGF-PI and PDGF-BB in a dose- 
dependent manner. In accordance with reduced 'H-thymidine 
incorporation Into DNA, the cell number was also decreased 
when cells were treated with BMP-7 and PDGF as compared 
with PDGF alone (Fig. 1-D)- 

Several cell-cycle proteins, including cyclin-dependcnt 
kinase-2 (cdk-2) and cdk-2 kinase inhibitor, p2I (cip), medi- 
ate SMC proliferation™ and BMP-7 inhibits the proUferative 
activity of PDGF in HASM cells. Therefore, we examined the 
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Fig. 3 Genes induced by bore morphogenetic protein-7 (BMP*) in human aortic smooth muscle cells. A; First, 1 x ltfcells were treated with BMF-7 
(100 ng/ml) anoyor transforming growth factor-beta fJGPp) (1 ng/ml) and/or piateletderived growth factor (PDGF) (40 ng/ml) for 24 hours. Subse- 
quently, total RNA was made. Next, lug of total RNA was used to prepara cDNA, which was then subjected to quantitative reverse transcriptase- 
polymerase chain reaction. B: First, 1 x lC cells were treated with various concentrations of BMP-7 for 48 hours. Total RNA was then extracted, 
and 5 of each sample was subjected to a Northern blot analysis. The probe used was a Hirtdlft-Rf fragment of Smad6 cDNA M . 



effect of BMP-7 on these cell-cyde-modulated genes by quan- 
titative RT-PCR- As shown in Figure 2> 40 ng PDGF-BB per ml 
dramatically downregulated the expression of cdk-2 kinase in- 
hibitor* p21, which was completely neutralised by BMP-7 in a 
dose-dependent manner. Correspondingly, the cdk-2 kinase 
gene expression was upregulated by PDGF and this effect was 
inhibited by BMP-7. 

BMP-7 Induces the Expression of Inhibitors of 
Helix-Loop-Helix Transcription Factors and Inhibitory Smads 
Id proteins control cell dififerentiation by interfering with 
DNA binding of transcription factors. Previously, it was 
shown that BMP-2 upregulated Id-1 in the process of osteo- 
blast differentiation of myoblast cell line C2C12* Investigat- 
ing the mechanism of BMP-7 action, we found that the 
expression of inhibitors of helix-loop-helix transcription fac- 
tors Id-1 and Id-2 was dramatically upregulated by BMP-7 
(Fig,.3-A). Greater than 25-fold induction of both Id-1 and 



Id-2 was obtained by 100 ng/ml BMP-7. In contrast* TGF-P 
and PDGF had little or no effect on the expression of Ids. This 
induction was rapid and was detected at the earliest time point 
we have examined: 15 minutes after the addition of BMP-7. 
When BMP-7 was added in conjunction with TGF-p or PDGF, 
Id-1 and Id-2 were induced to a lesser extent. 

The inhibitory Smads, Smad6 and Smad7, have been 
shown to aet as an inhibitor of Smad phosphorylation in the 
BMP and TGF-P signaling pathway and have been implicated 
in the control of those pathways 21 ^ 12 . Both Smad6 (35-foJd) 
and Smad7 (15-fold) were induced by 100 ng/ml BMP-7 (Fig. 
3-A). Under identical culture conditions, PDGF had no effect 
on the expression of these two genes and TGF-p induced only 
Smad7. A dose-dependent induction of Smad6 could be de- 
tected by Northern blot analysis of the same RNA (Fig. 3-B). 

BMP- 7 Downregulates Endogenous and Induced ICAM-l 
One key feature of vascular proliferative disorders is inflam- 
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Fig. 4 Effect of bone morphogenfitks protetn-7 <BMP*7) on the endogenous and InterteuWn-lp (inp)4nduced intercellular adhesion molecule-i 
(ICAM-1), A: Cells were plated Jn a 24^11 plate {4 x 10? cells/ well). The next day, growth medium was replaced wtth medium containing 0.1* 
serum, IL-Ip (l ng/ml) and various concentrations of BMP-7 were added. After 5 days of incubation, soluble ICAM-1 in lysed cells was measured 
by enzyme-linked Immunosorbent assay. B: First 1 x 10*ceils were treated with various concentrations of BMP-7 for 24 hours. The cells were 
harvested, and tote I RNA was made. Next, 1 ug of total RNA was used to prepare cDNA, which was then subjected to semiquantitative reverse 
transcriptase-polymerase chain reaction with use of human glyceraldehydfr3-ph0SphBte (GAPDH) and ICAM-1 primers. One-lffih of the reaction was 
subjected to agarose gel electrophoresis and photographed. M - DNA marker. C: Densitometer scan of the ICAM-1 gel photograph. 



raation. IL-lp and other pro-inflammatory cytokines from 
aggregating macrophages and monocytes induce in turn the 
expression of ICAM-1, MCP-1, and other pro-inflammatory 
cytokines in SMC cells. IL-lp (1 ng/ml) dramatically induced 
the expression of ICAM-1, which can be inhibited to as much 
as 40% by 200 ng/ml BMP-7 (Fig. 4-A), Additionally, BMP-7 
can dose-dependently downregulate the expression of endoge- 
nous ICAM-l (Figs. 4-B and 4-C) and IL-6 (data not shown) 
as examined by semiquantitative RT-PCR- 

BMP-7 Maintains the Expression of Markers 
Characteristic of SMC Phenotypc 

When primary HASM cells are maintained in culture for long 
periods, they tend to adopt a more fibroblast-likc morphology 
with a concomitant loss of SMC markers such as a-actin and 
SMC-specifk H-chain myosin. We found that HASM cultures 
containing BMP-7 (100 ng/ml) maintained the expression of 
a-actin beyond day 6 in confluent cultures, whereas untreated 



cultures started to loose a-actin expression as early as day 3 
(Fig. 5-A). As it has been shown that in atherosclerotic lesions 
type-I collagen synthesis is enhanced compared with that of 
type-Ill collagen, we examined the ability of BMP-7 to main- 
tain type-Ill collagen synthesis in long-term cultures by semi- 
quantitative RT-PCR. Although the expression of collagen 
type I remained unaltered beyond day 3 following confluence 
in treated and untreated cultures (Fig. 5-A), the expression of 
collagen type III was significantly decreased over the same 
time period in untreated cultures (Fig. 5-A). However, its ex- 
pression remained unaltered or even enhanced in BMP-7- 
treated cultures. This is confirmed by densitometer scanning 
of the gel followed by calculations of ratios (collagen III/ 
GAPDH). Furthermore, BMP-7 induced a dose-dependent 
increase in the expression of a-actin, basic calponin, and H- 
chain myosin as examined by quantitative and semiquanti- 
tative RT-PCR (Figs. 5-B and 5-C). Additionally, there was a 
disccrnable change in morphology (Fig. 5-D) from needle- 
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Fte, 5 Effect of bone morphogenetlc prateln-7 (BMP-7) on the expression of smooth muscle cell markers. A: first. 2 x AO - eel Is were treated with 100 
ng/mt BMP-7 for various times in long-term cultures; then, they were harvested and cDIMA was synthesized. Semiquantitative reverse transcriptase- 
polymerase chain reaction (RT-PCR) was carried out with use of the primers shown. Lanes 1-4, control, day 3, 5, 7, and 9, respectively; lanes 5-8, 
100 ng/ml BMP-7, day 3, 5. 7, and 9, respectively. 8: First, 1 x lO 11 cells were treated with various concentrations of BMP-7 for 24 hours. Cells were 
harvested, and totsr rima was made. Then, 1 ug of total RNA was used to prepare cDNA, which was then subjected to quantitative RT-PCR, C; First 
1 x 10 s cells were treated with various concentrations of Bmp-7 for 1A hours. The cells were harvested, and total RNA was made. Next, 1 MS of total 
RNA was used to prepare cDNA, which was then subjected to semiquantitative RT-PCR wtth use Of human gIyceraldehyde-3-phosphato (GAPDH) and 
oactfn primers. One-fifth of the reaction was subjected to agarose gel electrophoresis and photographed. D: First, 5 x 10 s cells were plated in growth 
medium and treated with 100 ng/mi bmp-7 or vehicle for 9 days. They were then photographed. Magnification is 20x. 



shaped fibroblast- like cells that are stacked on top of each 
other to more randomly organized smaller cells at the addi- 
tion of BMP-7 to these cultures. The true appearance of SMCs 
in culture is unclear. 

Discussion 

We show here that HASM cells when treated with recom- 
binant human BMP-7 (also called osteogenic protein-1 
[OP-lD inhibit serum-stimulated cell proliferation in culture 
over a wide range of physiologic concentrations (10-200 ng/ 
ml). Notably, this BMP- 7- mediated inhibition of SMC prolif- 
eration was more pronounced when cell growth had been 
stimulated with PDGF-BB or TGB-(J, suggesting for the first 
time a potential role for BMPs in the prevention of SMC pro- 
liferation following vascular injury. The inhibitory effect of 
BMP-7 was due in part to an increased expression of the in- 



hibitor of cyclin- dependent kinase-2» p21, which was inhib- 
ited during PDGF-BB-mediated cell proliferation. BMP-7 also 
induced the expression of developmental^ regulated genes 
such as Id-1 and Id-2, which are required for several key cellu- 
lar differentiation pathways and inhibitory Smads. Smad6 and 
Smad7, which negate both the TGF-p and TGF-P superfamily 
of proteins, mediated downstream signaling. Concurrently, 
BMP-7- mediated inhibition of cell growth is accompanied by 
enhanced expression of markers that are characteristic of the 
SMC phenotype, a-actin, SMC-specific heavy-chain myosin* 
and maintenance of the type III/I collagen ratio, finally, BMP- 
7 downregulated endogenous and IL-lf} induced ICAM-1, a 
cell-surface molecule known to play a role in neutrophil adhe- 
sion and activation during inflammation. Our findings sug- 
gest that BMP-7 may provide a basis for developing 
therapeutic strategies to effectively suppress SMC prolifera- 
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tion, delay the onset of bflammation, and diminish the for- 
mation of connective tissue in and around the vascular 
endothelium associated with vascular proliferative disorders 4 . 

Several peptide growth factors (PDGF, FGR IGF-l, and 
TGF-P), pro-inflammatory cytokines (mterleulcin-l [IL-1] 
and tumor necrosis factor-alpha [TNF-txJ), and agents such as 
nitric oxide and lipids arc known to regulate migration, prolif- 
eration, and differentiation of vascular SMCs^' 11 ^- Specifi- 
cally, following injury, the migration and proliferation of 
SMCs arc stimulated by ( 1 ) the paracrine action of PDGF-BB, 
released by platelets at their activation*, (2) the autocrine ac- 
tion of PDGF-AA induced by the pro-inflammatory cyto- 
kines (IL-1 and TNF-a), and (3) TGF-p»* In addition, FGF 
and IGF-l are released locally by activated SMCs 4 that act on 
SMC growth. Studies attempting to antagonize the activities 
of growth fectors PDGF, FGF, and TGF-0 and their receptors 
using specific antibodies and antisense oligonucleotides^ 
have provided protection against SMC proliferation following 
balloon angioplasty and thus help to reduce myo-intimal 
thickening. In addition, therapeutic modalities such as the 
infusion of IFN-ganW' and anu-ICAM H antibodies have 
been reported to diminish intimal thickening in various 
animal models. Since an ideal artery contains SMCs that are 
both contractile and quiescent with respect to proliferation, 
therapies that would decrease the likelihood of SMC hyper- 
plasia and consequent luminal occlusion may provide cyto- 
protection against the vascular proliferative disorders and 
delayed dysfunction that occur after organ transplantation. 

Although BMPs were originally identified in bone, their 
morphogenic roles have been widely documented in a wide 
variety of other nonskeletal tissues". BMPs are novel growth 
and differentiation fectors constituting a large subfamily in 
the TGF-p superfamily of proteins. BMPs have been shown to 
play inductive roles in migration and proliferation of pluri- 
potent stem cells" and have a subsequent differentiation into 
lineage-specific cell types during morphogenesis. Further- 
more, BMPs are capable of stimulating the expression of phe- 
notypes characteristic to a specific cell type* and serve as 
maintenance fectors during the repair and regeneration of 
adult tissue'" 1 . Therefore, when BMPs are made available in 
and around the vascular endothelium, they may assist in 
maintaining SMCs in a contractile and quiescent state rather 
than aid in the proliferation and loss of phenotype at vascular 
injury and as observed in various proliferative disorders. To 
support this notion, BMP-2, a related member of BMP^7, has 
been shown to inhibit rat vascular smooth muscle prolifera- 
tion in vitro and to inhibit injury-induced intimal hyperplasia 
when administered locally by adenovirus-mediated gene 
transfer following balloon angioplasty in rats". Our present 
study supports and extends these observations. Potentially, 



BMPs can be used to maintain the expression of SMC pheno- 
type in cultures during cell expansion in order to engineer 
functional vascular grafts for clinical need. Since the effect of 
BMPs on cell growth and differentiation is dependent on the 
developmental stage of the responding cells, it is likely that the 
presence of the BMPs in the culture medium will help to dif- 
ferentiate the expanded cells into the more "mature" contrac- 
tile quiescent SMCs. 

Among TGF-p superfamily proteins, TGF-p has been 
studied in the context of vascular integrity in vitro and in 
vrvo* 1 . This morphogen is a bifunctional growth regulator of 
SMCs that was shown to stimulate or Inhibit the growth of 
SMCs depending on the conditions of cell culture, the pres- 
ence of other regulatory molecules, the sequence of their ad- 
dition, and the concentration of TGF-p* 4 . Moreover, several 
studies have shown that TGF~p is potent in stimulating the 
deposition of connective tissues by SMCs 4 *, Under our culture 
conditions, TGF-P had a proliferative effect on serum- 
stimulated DNA synthesis of SMCs, Thus, the beneficial effect 
of BMP-7 on SMCs docs not appear comparable with that of 
TGF-p. Although the mode of action of the BMP-7 activity is 
currently unknown, the results suggest that BMP-7 upregu- 
latcs both Smad6 and Smad7, the two inhibitory Smads in the 
TGF-p superfemily. Under these conditions, Smad7 but not 
Smad6 was upreguiated by TGF-P, whereas neither was in- 
duced by PDGF. Additionally, it has been shown that BMP-7 
upregulates Smad7 expression in lung cancer cell lines* 5 and in 
myoblast cell line C2C12 (unpublished observation). In vrw 
studies have shown that both Smad6 and Smad7 were induced 
in vascular endothelium at mechanical stimulus 4 *, suggesting 
potential protection against vascular injury. The feet that 
Smad6 is important for the inhibition of BMP signaling" sug- 
gests that this molecule may in part be involved in the regula- 
tion of the effects of BMP on SMCs. 

The observed cytoprotective effect of BMPs on vascular 
SMC may provide a basis for developing therapeutic agents 
for intervention against vascular proliferative disorders. ■ 
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Abstract 



Bone morphogenetic protein 2 (BMP-2), a member of the transforming growth factor (3 super-Family, has been shown to act as an 
antiproliferative agent for a variety of cell lines by activating signaling cascades that cause cell cycle arrest. However, the biological 
effect and mechanism of action of BMP-2 on gastric cells remain unknown. In the present study, we showed that recombinant 
human BMP-2 dose-dependently inhibited the growth of OUMS37 rat gastric cells and MKN74 human gastric cancer cells. The 
antiproltferation seems to be due to eel! cycle arrest in the d-phase, which was revealed by How cytometric assays. BMP-2 increased 
the level of p21/WAFl/CIPl, suggesting that BMP-2-mediated inhibition of cell proliferation may be induced through p21/WAR/ 
CIP1 . In addition, BMP-2 increased the expression of pepsinogen IT, a differentiation marker of the stomach, in MKN74 cells. These 
results indicate that BMP-2 plays important roles in modulating the proliferation and differentiation of gastric epithelial cells, 
© 2004 Elsevier Inc. All rights reserved. 

Keywords; BMP-2; Proliferation; p21/WAFl/CIPl; Differentiation; Pepsinogen 



Bone morphogenctic proteins (BMPs) were initially 
identified based on their ability to induce bone and 
cartilage formation when implanted subcutaneously or 
intramuscularly into animals (1,2], BMPs arc structur- 
ally similar to the transforming growth factor p (TGF-fJ) 
super-family [3,4]. BMP-2, a member of this large family 
of proteins, stimulates the growth and differentiation of 
osteogenic and chondrogenic cells during bone remod- 
eling and also plays important roles in embryogencsis 
[2,3,5,6]. Similar to TGF-0, BMPs exert their effect via 
Specific type I and type II serine-threonine kinase re- 
ceptors (BMPR). Binding of BMP-2 to the type II re- 
ceptor induces oligomerization of the receptor complex, 
resulting in phosphorylation of the type I receptor and 
recruitment of downstream signaling protein, Smadl, 
SmadS, and Smad8 [7,8]. Among the latter, Smadl has 
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been extensively studied as the target of BMPR signal- 
ing. Type I BMPR-pho$phorylated Smadl hcterodi- 
merizes with Smad4, translocates to the nucleus to act as 
a transcription factor, and then induces genes that me- 
diate the biological activity of BMP-2 [9]. 

Epithelial-mesenchymal interactions are necessary 
for the normal development of various digestive organs 
[10,1 IJ. When the proventricular epithelium begins to 
form glands, only BMP-2 of the BMP family is ex- 
pressed in the chicken proventricular mesenchyme at a 
high level. Virus-mediated BMP-2 ovcrexpression re- 
sults in an increase in the number of glands formed and 
expression of embryonic chicken pepsinogen (ECPg), 
one of the differentiation markers of glandular epithelial 
cells. On the other hand, the gland formation and ex- 
pression of ECPg arc inhibited by ectopic expression of 
noggin [12], which can block the action of BMP by 
binding directly to BMP-2 or BMP-4 with high affinity- 
Two type I receptors for BMP are expressed in the 
mouse embryonic stomach [13], and the earliest dis- 
cernible defect in some Smad5-deficicnt mouse embryos 
is a vestigial foregut [14], Thus, the BMP pathway may 
be involved in gastric differentiation. 
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Juvenile polyposis (JP) is an autosomal dominant 
gastrointestinal hamartoma tous polyposis syndrome, in 
which patients are at risk for developing gastrointestinal 
cancers [15,16]. Thirteen of 54 JP patients had germline 
BMPRIA mutations, and patients with BMPRIA mu- 
tations had a more prominent JP phenotype than those 
without [17], suggesting high tumor-suppressive activity 
of BMPRIA. It has been reported that BMP-2 and 
BMP-4 mRNA expression was found in some human 
gastric cancer cell lines [18]. This accumulated evidence 
indicates that the BMP pathway might be involved in 
gastric cell growth control. 

BMP-2 inhibits the proliferation of smooth muscle 
cells, primary mesangial cells, prostate cancer cells, and 
breast cancer cells [19-22], Up to now, there have been a 
number of studies on TGF-fWSmad signaling molecules 
in ga$tric carcinogenesis [23,24]. However, although 
BMPs and their receptors are closely related to the 
respective TGF-P ligands and receptors, their potential 
roles in gastric carcinogenesis are still unknown. Here, 
we examined the effects of BMP-2 on normal and 
cancerous gastric cells. 



Materials and methods 

Ceil tints and celt culture. The cell fines used in this study comprised 
a rat gastric epithelial cell line, OUMS37 [25] (kind gift from Dr. 
Masayoshi Namba. Okayama University Medical School, Japan), and 
a human gastric cancer celt line, MKN74 (obtained from Rlkcn Cell 
Bank, Tsukuba* Japan). For routine culture, OUMS37 cells were 
grown in Dulbecco's modified Eagje's medium and MKN74 cells in 
RPM1 1640. Both cell lines were cultured at 37 °C under a 5% CCb and 
95% air atmosphere in the respective medium supplemented with 10% 
fetal bovine scrum and 50ug/ml kanamycin. 

tDNA synthesis and PCR analysis. Total RNA was isolated from 
the cell lines using a Quictcprcp UNA purification kit (Amersham 
Pharmacia Biotech, Buckinghamshire, England). Isolated RNA (2 ug) 
was prc-incubaLed with 0.4 ug of 12-18-mer Oiigo(dT) at 70 °C for 
10 mill and then with 10 mM dNTP, 0.1 M dithiothreitol, and lid 
Superscript II (RNaseH (-) reverse transcriptase; Life Technologies. 
Galthersburg, MD) at 42 °C for lh, according to the proiocoU rec- 
ommended by the manufacturer. The synthesized cDNA was then 
amplified by the PCR mdhotL Each PCR cycle consisted of 94 D C for 
1 min. 55 °C for 2 min, and 72 °C for \ min, fallowed by final extension 
at 72 6 C for 10 min. The PCRs Tor BMPRIA and BMPRtl comprised 
24 cycles in a 25 ul mixture containing 1 ul of the synthesized cPN A. 
The product Sizes and primer sequences used were as follows: kBM- 
PRJA (GenBank Accession No. NM_Q04329), M6bp, 5'-ATCATGG 
CTGACATCTACAGC-3' and 5'-ACATCTTGGGATTCAACCAT 
C-3'; and hBMPRII (GenBank Accession No. XM_028038). 5$7bp, 
S'-AGCAGCAGAACGCTTtXCAAG-J' and 5'-CCAGAGAATTA 
GGCCTCTOT-3'. These primers were designed from the sequences 
with high homology between the human and rat, and the PCR 
product were confirmed by sequencing. As an internal control for RT- 
PCR.. glyceraldehyde-3-phosphate dehydrogenase {QAPDH) tran- 
scripts were amplified from the same cDNA samples as described 
previously [26]. 

For RT-PCR analysis of pepsinogen C (GenBank Accession No. 
NM_00263O) l which encodes protein pepsinogen II, total RNA (2 us) 
from MKN74 cells treated with tOOnghnl of recombinant human 
BMP-2 (rhBMP-2) (obtained from Yamanouchi Pharmaceutical 



Company, Japan) or the same volume of vehicle (LF6: 5mM glutamic 
acid, 5mM sodium chloride. 2.5% glycine* 0.5% galactose, and 0.01% 
Tween $0) for 48 h was used for cDNA Synthesis. The synthesized 
cDNA was amplified by the semi-quantitative RT-PCR method; as 
follows. We used a forward primer (S'-GACACAGGCACCTCTCT 
QCTC-y) and a reverse primer (S'-GACCTOAGOAAGACATCCC 
C-3'). PCR for pepsinogen C was performed for 30 cycles and 35 cycles 
in a 25 ul mixture consisting of I ul cDNA, 2.5 ul of lOx builcr, 2ul of 
2.5 mM dNTP. lOpmol of each primer, and 1 U Tag DNA polymcraBe 
(Biotech International, BenUey, Australia), and each PCR cycle con- 
sisted of 94 °C for 1 min, 56 *C for 2 min, and 72 °C Tor 1 min» with final 
extension at 72 °C for 10 min. The PCR products were confirmed by 
sequencing. 

Cell proliferation assays. Cell proliferation assays with rhBMP-2 
were conducted as follows. OUMS37 cells and MKN74 cells were 
plated at 2 x 10* or 5 x 10* cells/well, respectively, in a 24- well plate in 
the respective medium. After culturing for 4-5 h, rhBMP-2 was added 
to give different concentrations (10, 50, and lOOng/ml). Cell prolifer- 
ation was evaluated on day 3 (OUM537) or 6 (MKN74) by determining 
the number of cells with a Cell Counting Kit 8 (Dojindo, KumamOtO, 
Japan) according to the protocol recommended by the manufacturer. 
As a control, the same volume of vehicle was added to each well. 

Flow cytometric analysis. For cell cycle analysis, near 50% confluent 
cells were synchronized in the G 0 /Gi phase by overnight incubation in 
serum-free medium. Cells were then incubated in the complete medium 
containing lOOngfml rhBMP-2. After 48 h (OUMS37) or 72 h 
(MKN74) incubation, the cells were trypsinized and washed with PBS, 
and then fixed in 70% ethanol for 30 mm at -20 *C. The cells were then 
centrifuged at 150C1& for 4 min. For nuclear staining, the cella were 
treated with 1 ml of 100 ng/ml RNascA at 37 °C tor 20 min. centrifuged 
and re-suspended in 69 uM propidium iodide, and then incubated at 
room temperature for 20 min. The cells were then analyzed by flow 
cytometry on FACSlar Plus (Beclon-Dickinson Immunocytometry 
System, San Jose, CA). Data were analyzed for 20,000 viable cells as 
determined by forward and right angle light scatter, stored as fre- 
quency histograms, and subsequently analyzed by MODF1T software 
(Verity, Topsham, ME). 

Luciferase assay. The human p21iWAF1lCIPl promoter luciferase 
reporter 0*2/-Luc) construct was described previously 127]- This re- 
porter construct contains the p21 promoter from -2699 to 445 bp in 
the pGL2-basic vector. MKN74 cells were plated at 5* 10* cells/well 
(24-wcll plate) I day before transfection. The cells were transfected 
With 300 ng of p2I-L\ic construct and 10 ng pRL-SV40 vector using 
Trans IT-LTl transfection reagent (Mlrus. Madison, WI) according to 
the protocol recommended by the manufacturer. Beginning on the next 
day, the cells were incubated for another 24 h with ot without tOOng/ 
ml rhBMP-2. The cells were then harvested and a dual luciferase test 
was performed using a Dual Luciferase Assay Kit (Pro mega, Madison, 
Wl) as described by the manufacturer with a Lumicounter 700 (Mic- 
rotech Niti-on, Chiba, Japan). Each assay was performed m duplicate 
and experiments were repeated three times. The results were expressed 
as fold activation, that is, the ratio of normalized luciferase activity on 
treatment with rhBMP-2 to that with the vehicle. 

Western blot analysis. Approximately 30-SO 1 ^ confluent cultures or 
OUMS37 and MKN74 cells were incubated with lOOngfcnl rhBMP-2 
for 24 and 48 h, respectively. The cells were lysed with NP-40 lysis 
buffer (1 50 mM sodium chloride, 1 % NP-40, 50 mM Tris, pH 8.0, 1 ng/ 
ml aprotinin, 1 ugtail leupeptin, tug/ml pepstatin. and 50ugftnl 
PMSF). Protein concentrations were measured with a Bio-Rad DC 
protein assay kit (Bio-Rad Laboratories, Hercules, CA). The total cell 
lysates (80 tig per lane) were separated on 12% SDS-polyacrylamide 
gels and the proteins were clcctrob lotted onto Immobilon-P transfer 
membranes (Miilipore, Bedford, MA). The blots were probed sepa- 
rately with antibodies against p21/WAFl/CIPl diluted 1:100 (Santa 
Cruz Biotechnology, Santa Cruz. CA), and ^-tubulin dUuted 1:2000 
(Santa Cruz). Secondary goat anti-rabbit and anti-mouse anUbodics 
were purchased from Santa Cruz Biotechnology. 
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Determination of the secreted pepsinogen II protein was performed 
as follows. About 20% confluent culluxe of MKN74 cells was incu- 
bated with lOOng/m) raBMP-2 Tor 4 days. The medium was then 
changed and rfcBMP-2 (lOOnfifml) was added for rurther 2 days, then 
40 ul aliquots of the medium of cultured cells, were separated on 10% 
$DS-polyaeryJamide gels and the products were blotted onto Iramo- 
bilon-P transfer membrane* (Mtlliporc, Bedford, MA). The blots were 
probed with antibodies against pepsinogen II diluted 1:1000 (The 
Binding Site Limited, Birmingham, UK). Secondary sheep anti-human 
pepsinogen II (IgG fraction) antibodies were purchased from The 
Binding Site Limited. 



Results 

BMP receptors are expressed in OUMS37 and MKN74 
cells 

To determine if the BMP-2 signaling pathway is in- 
tact, wc investigated the mRNA expression of BMPRIA 
and BMPRII in OUMS37 and MKN74 cells. RT-PCR 
analysis revealed that BMPRIA and BMPRII were 
abundantly expressed in both cell lines {Fig. 1). 

BMP-2 inhibits the proliferation of OUMS37 and 
MKN74 cells 

We analyzed the effects of BMP-2 on the proliferation 
of OUMS37 and MKN74 cells with the Cell Counting 
kit 8. Growing OUMS37 and MKN74 cells were treated 
with increasing concentration of rhBMP-2. As shown in 
Fig. 2, BMP-2 inhibited cell growth in a dose-dependent 
manner in both cell types. Approximately 60% and 50% 
growth inhibition of OUMS37 and MKN74 cells was 
observed with lOOng/ml BMP-2. We also directly cal- 
culated the number of cells with a hemocytometer, and 
obtained similar results (data not shown). 

The responsiveness of OUMS37 and MKN74 cells to 
rhBMP-2 was also evidenced by alterations in cell shape. 



8 i 



BMPRIA 
BMPRII 







■■■HI 







316bp 
387bp 



GAPDH 

Fig, I . BMPRIA and BMPRIf are expressed in OUMS37 and MKN74 
cell lines. Total RNA (2ug) isolated from OUMS37 and MKN74 ceii 
lines was used for cDNA synthesis, and then PCRs were performed as 
described under Materials and methods. The upper panel shows type 
JA BMP receptor, and the middle one shows type // BMP receptor. 
GAPDH was used as a control. 




BMP-2 (ng/ml) o 10 so ioo 

OUMS37 




BMP-2 (ng/ml) o 10 so 100 



MKN74 

Fig. 2. Effcelfi of BMP-2 on OUM537 (A) and MKN74 <B) cell pro- 
liferation. OUMS37 and cells wctc incubated with different 
concentrations of rhBMP-2 as described under Materials and methods. 
The numbers of cells were determined for each treatment. Means ±SD 
of three independent experiments. *P < 0.05 vs untreated cells. 

The majority of OUMS37 and MKN74 cells treated 
with rhBMP-2 adopted a more enlarged shape with 
close intercellular contacts and a decreased proportion 
of nucleus to cytoplasm compared with untreated cells 
(Fig. 3). These data indicated that BMP-2 dose-depen- 
dently inhibited the proliferation of OUM537 and 
MKN74 cells, and changed the cell morphology. 

BMP-2 causes cell cycle arrest in the Gj -phase in 
OUMS37 and MKN74 cells 

A possible explanation for the observed growth in- 
hibition of OUMS37 and MKN74 cells in response 
to BMP-2 is either apoptosis or inhibition of new 
DNA synthesis. We examined the effects of BMP-2 
on OUMS37 and MKN74 cell cycle progression by 
means of FACS analysis. OUMS37 and MKN74 cells 
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Fig. 3. Morphological changes of OUMS37 and MftN74 cells. The upper panels (A and B) show OUMS37 cells and the lower ones (C and D) 
MKN74 cells. OUMS37 and MKN74 cells were incubated with lOOnghnl concentration of rhBMP-2 for 4 or 5 days, respectively. Cells treated with 
BMP-2 (B and D) adopted a more enlarged shape with close intercellular contacts and a decreased proportion of nucleus as to cytoplasm compared 
with untreated cells (A and C). Magnification 200x. 



Table I 

Flow cytometric analysis of OUMS37 and MKN74 cells for Ci- and 
S-phase 



Name of celt 


BMP-2 


% of cells in 
Oi -phase 


% of cells in 
S-phase 


01/MS37 




69.0 ±1.2 


24.1 ±0.8 






78.0 ±0.4 


15.5 ±0.2 


MKN74 




54.3 ±2.3 


40.3 ±1.4 






65.8 ±U 


28.2 ±0.5 



incubated with lOOng/xnl rhBMP-2 showed approxi- 
mately 36% and 30% decreases in the S-phase, respec- 
tively (Table 1). The decrease in the S-phase population 
was accompanied by an increase in the cell number at 
the G, -phase of the cell cycle. These data suggest that 
rhBMP-2 inhibits OUMS37 and MKN74 cell prolifer- 
ation by arresting them at the G x -phase of the cell 
cycle. 

BMP-2 up-regulates the expression of CDK inhibitor p21i 
WAF1ICIP1 in OUMS37 and MKN74 cells 

Cyciin-dependent kinase inhibitors (CDKIs) are in- 
volved in the cell cycle arrest induced by many growth 
inhibitors including TGF-P [28]- P21/WAF1/C1P1, one 
of the CDKI, was up-regulated by rhBMP-2 in some cell 
systems [19,22], We therefore examined whether or not 
rhBMP-2 activates the p2IlWAPUCIPl promoter in 
MKN74 cells. rhBMP-2 stimulation resulted in about 2- 
fold transcriptional activation of the p2UWAFllCIPl 
promoter construct compared with the same volume of 
vehicle (Fig. 4A). 

To confirm the up-rcgulation of the endogenous p21/ 
WAF1/CTP1 protein by BMP-2 in OUMS37 and 



* 2 



* 




BMP-2 (ng/ml) 



B BMP-2 



100 



P21 



ct-tubulin 




OUM537 



MKN74 



Fig. 4. (A) BMF-2 activates the p2I promoter in MKN74 human 
gastric cancer cells. MKN74 cells were IxanfifcCted with the p2l pro- 
moter hisiTerase-rtporter plasmid. Beginning on the next day, the cells 
were incubated for 24 h wilh or without 1 00 ng/ml rhBMP-2. The re- 
sults were expressed as fold activation as described under Materials 
and methods. These results are representative or three independent 
experiments carried out in duplicate. (B) BMP-2 up-regulatcd the p21 
protein level in OUMS37 and MKN74 cells. OUMS37 and MKN74 
cells were incubated with lOOngfcni BMP-2 lor 24 and 4811, respec- 
tively. Equal amounts of cell lysatcs were analyzed by Western blot- 
ting. ot-Tubulin was used as a loading control. 



MKN74 cells, we analyzed the protein level of p2l/ 
WAFl/CIPl by Western blot assay. As shown in 
Fig. 4B, rhBMP-2 increased the p21 protein levels in 
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OUM37 and MKN74 cells. These data constitute evi- 
dence that the growth inhibition of OUMS37 and 
MKN74 cells in response to BMP-2 may be caused by 
an increased level of p21/WAFI/CIPl. 

BMP-2 up-regulates pepsinogen II expression 

To determine whether or not BMP-2 up-regulates the 
transcription of endogenous pepsinogen C, a differenti- 
ation marker of glandular epithelial cells of the stomach, 
MKN74 cells treated with rhBMP-2 for 48 h were as- 
sayed for the pepsinogen C mRNA level by RT-PCR. 
MKN74 cells treated with the same volume of vehicle 
were used as a control. As shown in Fig. 5A S the internal 
standard GAPDH mRNA level remained constant in 
cells treated with rhBMP-2 or the same volume of ve- 
hicle (refer to the GAPDH panel). MKN74 cells treated 
with rhBMP-2 expressed the pepsinogen C transcript, 
whereas the control only showed a faint level of ex- 
pression (refer to the pepsinogen C panel, 30 cycles), 
indicating that rhBMP-2 had tip-regulated the tran- 
scription of the endogenous pepsinogen C gene in 
MKN74 cells. 

To ascertain whether or not BMP-2 up-regulates the 
pepsinogen II protein, a translation product of pepsin- 
ogen C, we conducted Western blot analysis to deter- 
mine the secreted pepsinogen II protein. The medium 
from MKN74 cells treated with rhBMP-2 contained 
pepsinogen II (a molecular mass of approximately 
40 kDa), but the control exhibited only a very slight level 
of the protein (Fig. 5B), demonstrating that rhBMPf2 
had also up-regulated the protein level of pepsinogen II 
in MKN74 cells. 



A BMP-2 - + 




12 3 4 



Fig, 5. LJp-rcgulution or Ihe pepsinogen H mRNA and protein in 
MKN74 cells. MKN74 cells were cultured with rhBMP-2 for 2 days. 
mRNA and proteins were analyzed as described under Materials and 
method*, (A) RT-PCR analysis &T pepsinogen C encoding the pepsin- 
ogen H protein. GAPDH wus used as a control. (B) Western blot 
analysis Of pepsinogen 11. Lane 1, fresh medium with 10% FBS; lane 2, 
medium of untreated MKN74 ceils; lane 3, medium or MKN74 cells 
treated with rhBMP-2; and lane 4, human normal stomach mucosa as 
ft positive control. 



Discussion 

Our data constituted the first evidence that BMP-2 
inhibits the proliferation of OUMS37 rat gastric cells 
and MKN74 human gastric cancer cells. The inhibition 
may be due to an increased level of p21/WAFl/CIPl, a 
cyclin-dependent kinase inhibitor, in response to BMP-2 
in both cell types. BMP-2 also up-regulated pepsinogen 
II, a differentiation marker of glandular epithelial cells 
of the stomach, in MKN74 cells. 

BMPs are members of the TGF-p super-family of 
cytokines and, like TGF-P, employ similar signal 
transduction pathways. It has been reported that the 
TGF-p signal suppresses the growth of gastric epithelial 
cells [23] and is involved in gastric carcinogenesis [29- 
32]. Many gastric cancer cells including MKN74 exhibit 
functional impairment in the TGF-P pathway [33]. Be- 
cause MKN74 cells express the wild type TGF-pRH and 
Smad4 proteins [33], the exact mechanism of resistance 
to TGF-p has not been clarified for MKN74. 

BMP-2 is highly expressed in the chicken proven- 
tricular mesenchyme [12], and the receptors for BMP are 
expressed in the mouse embryonic stomach [13], In ad- 
dition, BMPs and their receptors are closely related to 
the respective TGF-p ligands and receptors. It is, 
therefore, possible that BMPs may play important roles 
in the control of gastric cell behavior. In the present 
study, we observed an antiproliferative effect of BMP-2 
on OUMS37 and MKN74 cells, and both cell types 
showed the expression of receptors for BMP* ft has been 
reported that Smad4 was expressed in MKN74 cells [33], 
thereby demonstrating that BMP receptors and the 
protein that mediates the BMP-2 signal to the nucleus 
were expressed in MKN74 cells. The susceptibility of 
OUMS37 and MKN74 cells to BMP-2 was supported 
by alterations in cell shape. Taken together, BMP sig- 
naling may participate in the regulation of gastric cell 
growth, which may be independent of the TGF-P 
pathway. 

In other cell types, BMP-associated growth inhibi- 
tory responses were found to be transmitted, at least in 
part, by the CDR inhibitor P 21/WAF1/CIPK Inhibit 
tion of the cell growth of breast cancer cells and aortic 
smooth muscle cells by BMP-2 is mediated by p21/ 
WAF1/CIP1 [19,22]. p2l/WAFl/CIPl binds to Gi cy- 
clin-CDK complexes, resulting in inhibition of CDK 
activity, and decreases phosphorylation of the retino- 
blastoma (RB) protein and then induces subsequent cell 
cycle arrest in the Gj -phase. In our study, BMP-2 up- 
regulated p21iWAFllC£Pl promoter activity and ex- 
pression of the p21/WAFl/CIPl protein in OUMS37 
and MKN74 cells. Moreover, the BMP-2-treated cells 
exhibited cell cycle arrest in the Gi -phase. These data 
indicated that the growth inhibition by BMP-2 may be 
mediated by p21/WAFl/C!Pl in OUMS37 and 
MKN74 cells. 
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It was shown previously that p21/WAFl/CIPl stim- 
ulates withdrawal from the cell cycle coupled to terminal 
differentiation [34]. In addition, cpithclial-mesenchymal 
interactions arc essential for normal development of the 
chicken proventriculus corresponding to the mamma- 
lian stomach [10], one of the important genes 
expressed in the mesenchyme, contributes to proven- 
tricnlar gland formation and ECPg expression [12]. In 
the present study, rhBMP-2 increased the expression of 
pepsinogen 12, a differentiation marker of stomach 
glandular cells, in MKN74 cells. Thus, BMP-2 may lead 
to differentiation of MKN74 cells. The inductive acti- 
vation of cell differentiation by BMP-2 has been re- 
ported for several cell types including astrocytes, 
cardiomyocytes, and myoblast cells [5,35,36]. 

In conclusion, we revealed that BMP-2 caused cell 
cycle arrest in the G r phase in OUMS37 and MKN74 
cells, and that this growth inhibitory action may be 
mediated by p21AVAFl/CIPl. We also showed that 
BMP-2 up-regulated pepsinogen II in MKN74 cells. Our 
findings indicate that the BMP pathway may play a 
pivotal role in modulating gastric epithelial cell behavior 
including that of gastric cancer cells. Further analyses of 
the effects of BMP-2 on gastric cells are necessary to 
better understand the roles of BMP-2 in gastric epithe- 
lial cell growth and differentiation. 
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The heart is the Hrst organ to form and function during vertebrate embryogenesis. Using a secreted protein, noggin which 
spe^cally antagonizes bone morphogenetic protein (BMPJ-2 and -4, we examined the role played by BMP during the initial 
rayotibnUqgencsii in chick cultured precardiac mesoendodenn (mesoderm + endoderm; ME). Conditioned medium from 
COS7 cells ttansfected with Xenoptts noggin cDNA inhibited the expression of sarcomeric proteins (such as sarcomere 
Mctirun, Z-Hne titin, and sarcomeric myosin), and so myofibrillogenesis was perturbed in cultured stage 4 precardiac ME- 
however, it did not inhibit the expression of smooth muscle osactm [the first isoform of w-actin expressed during 
cardiogenesis). In cultured stage 5 precardiac ME, noggin did not inhibit either the formation of I-Z-I components or the 
expression of sarcomere myosin, but it did inhibit die formation of A-band*. Although BMP4 was required to induce 
expressions of sarcomeric <*-actiuin, titin, and sarcomeric myosin in cultured stage 6 posterolateral mesoderm (noncardio- 
genic mesoderm), smooth muscle a-actin was expressed without the addition of BMP4. Interestingly, in cultured stage 6 
posterolateral mesoderm, BMP2 induced the expressions of sarcomeric ^actinia and titin, but not of sarcomeric myosin, 
Tnese results suggest that (l ) BMP4 function lies upstream of the initial formation of I-Z-I components and A-bands separately 
in a stage-dependent manner, and (2) at least two signaling pathways are involved in the initial cardiac myofibriUogenesis: one 
is an unknown pathway responsible for the expression of smooth muscle a-actin; the other is BMP signaling; which is involved 
m the expression of sarcomeric ractfnin, titin, and sarcomeric myosin, Q 2002 siwvfet Science (U&A) 
Key Words: myofibrillogenesis; heart development; noggin; BMP (bone morphogenetic protein); chick embryo. 



INTRODUCTION 

The heart is the first organ to form and function during 
vertebrate embryogenesis. In the pregastrula chick embryo, 
cells that contribute to the heart are found within the 
posterior half qf the cpiblast (Rawles, 1943,- Hatada and 
Stern, 1994)* During early gastrulation (stage 3 ; Hamburger 
and Hamilton, 195 1 ), cardiac precursor cells migrate and are 
located within a region of the primitive streak caudal to 
Hensen's node. Thereafter, they migrate into the mesoderm 
and spread anterolaterally, resulting in the formation of 

1 To whom correspondence should be addressed at: Department 
of Anatomy, Graduate School of Medicine, Osaka City University, 
1-4-3 Aea himachi , Abenoku, Owka 545-S5$5 Japan. Fax: +81-6- 
6646-3603. E-mail: yujitoed.Q$$Lka-ciLac_jp. 



right and left precardiac mesoderms (Rosenquist and De- 
Hann, 1966, Garcia-Martinez and Schoenwolf, 1993). The 
anterior endoderm originates from cells within the node 
itself (SeUeck and Stem, 1991). Consequently, prospective 
cardiac regions, containing precardiac mesoderm and ante- 
rior endoderm, have been completed by stage 4^5. In avian 
embryos, heart specification occurs in stage 3 primitive 
streak, and detennination occurs during late gastrulation 
and is completed by stage 7-8 (Sater and facobson, 1989; 
Schultheiss and Lassar, 1999; Lough and Sugi, 2000). 

During gastrulation, presumptive heart cells become 
committed to the cardiac-muscle lineage; at this time, the 
anterior endoderm subjacent to the precardiac mesoderm 
expresses bone morphogenetic protein (BMP)-2 and -4, 
members of the txansfoiming growth factor (TGF)-0 super- 
family (Hogan, 1996; Schultheiss et al. 1997). It has been 
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reported that tissue from the avian midgastrula posterior 
primitive streak— which normally gives rise to extra- 
embryonic mesoderm, including blood islands—will differ- 
entiate into cardiac muscle when cocultured with anterior 
endodenn (Schultheiss et al, 1995). Another experiment 
Showed that ectopic implantation of BMP-soaked beads 
into noncardiogenic mesoderm induces the cardiac-specific 
marker gene Nkx-2.5. which is a homologue of the Dro- 
sophila tinman gene (Schultheiss et al.. 19971 In Drosoph- 
ila, tinman is expressed by Dpp signaling— Dpp being a 
member of the BMP family— and is required for heart 
formation (Frasch # 1995,- Harvey, 1996). It has also been 
found that when noncardiogenic mesoderm from a chick 
stage 5-6 embryo is cultured tn the presence of BMP2 plus 
FGF4, it can differentiate to a beating tissue {Lough et al, 
1996, Ladd et al., 1998, Barron et al, 2000). £MP2-knockout 
mutant embryos show abnormal heart development, rang- 
ing from complete absence to ectopic heart formation 
(Zhang and Bradley, 1996). BMW-null mutants or type I 
BMP receptor-null mutants die before gastrulation, and 
thus cardiogenesis in these two mutants has not been 
examined (Winnier et al, 1995; Mishima et al, 1995). On 
the other hand, Nkx-2.5-rmll mutant mice die at around 
9-10 days, but a beating heart tube still develops even 
though cardiac looping is disrupted (Lyons et al>> 1995). In 
these Aftx-2.5-null mutant hearts, several genes encoding 
myofibrillar proteins are normally expressed, although that 
encoding ventricular myosin light chain-2 is not (Lyons et 
al, 1995). Recent experiments have implied that BMP, 
which is secreted by the endoderm of the presumptive heart 
field, is essential but not sufficient for the induction of 
cardiac muscle differentiation from a field of competent 
cells in the anterolateral mesoderm (Schultheiss et al, 
1997, Ladd et al., 1998). However, still unclear is what kind 
of myofibrillar proteins lie downstream of BMP function in 
the initial myofibrillogenesis that occurs soon after the 
heart determination is completed. 

Soon after heart determination has taken place, proteins 
for myofibrillar components are synthesized in the chick 
embryonic heart (at stage 6-7, just 10 h before spontaneous 
beating begins) (Ruzicka and Schwartz, 1988? Han et al, 
1992; Sugi and Lough, 1992).. The assembly of these rayofi. 
brillar proteins into a functional unit, the sarcomere, must 
therefore be a rapid and well-coordinated process in early 
cardiogenesis. Indeed, there are biochemical data indicating 
coordinated synthesis of actin, myosin, and a-actinin dur- 
ing vertebrate myogen esis (Devlin and Emerson, 1978). To 
try to explain the processes involved in myofibrillogenesis, 
numerous studies have been performed and several models 
have been proposed. In one model in cultured cardiomyo- 
cytes, the first step involves n stress fiber-like structure 
acting as a scaffold (Dlugosx et al. 1984); then, I-Z^I 
proteins (the Z-disk components being sarcomeric 
a-actinin, a-actin, and titin) and thick filaments (consisting 
mainly of myosin) are assembled independently, to later 
become incorporated into striated myofibrils (Wang et al, 
1988; Schultheiss et al., 1990> Lu et al t 1992; Lin et aL 
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1994; Holtzer et al, 1997). A different model is the premyo- 
fibril model proposed by Sanger's group [Rhee et al 1994, 
LoRusso et al., 1997; Turnacioglu et al. r 1997). The premyo- 
fibril, a primordium of the mature myofibril, consists of 
minisarcomeres containing thin filaments, a-actinin, and 
nonmusclc myosin Ob. Later, the distance between the 
dense materials of the minisarcomere increases, the 
N-terminal region of titin is incorporated into the Z-band of 
the nascent myofibril, and nonmusclc myosin is replaced 
by muscle-specific myosin, Confocal microscopic in situ 
analysis of myofibrillogenesis in the chick embryonic heart 
by Ehler et al. (1999) has shown that thin and thick 
filaments are assembled in an independent manner, and 
that l-Zrl proteins arc organized as a dense body-like struc- 
ture in nascent cardiomyocytes. 

In the present study, using a secreted protein, noggin — 
which antagonizes BMP activity and interacts specifically 
with BMP2 and -4, but not with other TGF family members 
(Re'em-Kalma et al, 1995; Zimmerman et al r , 1996J— we 
investigated the role of BMP signaling in the initial heart 
myofibrillogenesis. Our results show that, in cultured stage 
4 precardiac mesoendoderm (mesoderm + endoderm; ME), 
noggin inhibited the expression of sarcomeric ft-actinin, 
titin, and sarcomeric myosin, thus perturbing the formation 
of sarcomeres, but it did not suppress the expression of the 
first isoform of a-actin, smooth muscle cr-actin. In stage 5 
precardiac ME, noggin did not inhibit either the formation 
of I-Z-I components or the expression of sarcomeric myo- 
sin, but it did inhibit the formation of the thick filaments of 
sarcomeric myosin (A-bands), Further, recombinant BMP4 
induced expressions of sarcomeric a-actinin, titin, and 
sarcomeric myosin in cultured stage 6 noncardiogenic me- 
soderm, in which smooth muscle a-actin was expressed 
spontaneously even without the addition of BMP protein. 
These results suggest that (1) during the initial myofibril- 
logencsis, BMP4 functions upstream of the formation of 
I-Z-I components and A-bands, on which it acts separately, 
and that its role the initial myofibrillogenesis is stage 
dependent, and (2) at least two signaling pathways take part 
in the initial myofibrillogenesis [viz. BMP signalings) (in- 
volved in the expression of sarcomeric a-actinin, titin, and 
sarcomeric myosin) and another unknown type of signal- 
ings) (responsible for the expression of smooth muscle 
a-actin)]. 

MATERIALS AND METHODS 

Culture Procedures 

Stage 4 or 5 chick embryos (Hamburger and Hamilton, 1951) 
were collected on ice-cooled phosphate-buffered saline (PBS), and 
precardiac ME was cultured aa previously dcacribed {Sugi et al., 
1 993 J. Precardiac regions containing three germ layers were excised 
and separated in 0.25% trypsin (GIBCO). The ME layers were 
explained onto bovine fibroncctin-coated (GIBCO) chamber slides 
(Nunc) and cultured with (1) DMEM supplemented with 10% FBS r 
(2) conditioned medium from COS 7 cells transected with vector 
alone (MockJ, or [3) conditioned medium from COS7 cells trans- 
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fected with Xenopas noggin cDNA. Stage 6 posterolateral meso- 
derm was faceted and cultured with or without recombinant 
BMP4 (RcXD Systems) in 10% FBS/DMEM. Identical regions were 
cultured with or without recombinant BMP4 or -2 (R&D System*! 
in defined medium (75% DMEM, 25% McCoy's medium, supple- 
merited with 10"' M dexamethasonc and penicillin -streptomycin. 
Ladd et aL, 199E). 

COS 7 Cell Transfectxon 

COS 7 cell transection was performed as previously described 
(Tonegawa and Takahashi, 1998). COS7 cells were cultured in 
DMEM/10% FBS. Cells grown until 70-80% confluent were 
txansfected with 1 pg of pCDMS-derivcd COS-cxpression vector, 
which contains an elongation factor promoter and Xenopus noggin 
cDNA (a gift from Dr. TakahaHhi, Nara, Japan), with Hpofectarrune 
(GTBCO) being used according to the manufacturer's recommenda- 
tions. Conditioned medium was harvested after 48 h, and used as a 
source of noggin. 

Reverse Transcription (RT)~PCR 

Explants were collected and RNA extracted as described by 
Yamagishi et al. {1999). cDNAs were synthesized from 0-2 mg total 
RNA, and PCR was carried out in 10 /*i of reaction buffer (0.2 mM 
dNTPs, 1 mM primers, 0.05 U Taq DNA polymerase). The se- 
quences of the primers have been described elsewhere lNkx-2 5 
(Sehultheiss et aL, 1995), CATA4 (Schultheiss et aL. 1997), MyoD 
(pair V 7 Lin-Jones and Hauschka, 1996), GAPDH (Yarnagishi et 
aL t 1999)]. The primers for ssreomeric a-actinin were 5'-GCCA- 
TCACAGGGAAAAATGG and 5 ACGGACTTCTGTCAGAGA- 
TG (Accession No. X13874; Arimura et aL, 1988). Samples were 
cycled at 93°C for 30 s, at annealing temperature (aarcomeric 
^actiriin, 57°Q Nkx-2.5, 57*C f GATA4, 57°Q MyoD, 55°Q 
GAPDH, 45*C) for 30 s, and at 72°C for 90 s, with a final extension 
at 72 C C for 10 miu. The cycle numbers for the various primers were 
as follows; sarcorncric at-actinin, 26 cycles, Nkx-2,5, 30; GATA4, 
26, MyoD, 28; and GAPDH, 28. PCR products were electropho- 
rese4 then stained with ethidiiun bromide. 

In Situ Hybridization 

Digcgdgeriin-labeled fiinglc-strarid RNA probes were prepared by 
using a DXG-RNA labeling kit (Roche Diagnostics). A 747-bp 
fragment of chick Nkx-2.5 cDN A (base pairs 76-823 in Accession 
No. X91838; Schultheisa et aL. 1 995) or a 738-bp fragment of chick 
GATA4 cDNA (base pairs 106-843 in Accession No. UH887. 
Laverriere et aL, 1994) was subcloned into pGem32 and pBlue- 
senpt H KS (-). Antisense Nkx-2.5 and antisense GATA4 were 
produced by using £coKJ/SP6 RNA polymerase and EcoSlfTT RNA 
polymerase, respectively. Bxplants were fixed with 4% paraforfnal- 
dehyde in PBS for 30 min, washed in 0.1% DEPC/PBS and 
equilibrated with 5X SSC for KS min. They were then prebybrid- 
ized hi hybridization solution (50% fonnamide, 5X SSC, 40 mg/nil 
sa^onsr^nnpNA)at65 e Cfor2handhybridizcdfor 12h at65°C. 
After the hybridization, samples were washed in 2x SSC for 30 min 
at room temperature, in Zx SSC for 1 h at 6S°C, then in 0.1 X SSC 
for 1 h at 65*C. After rinsing with Tris^buffered saline, aamples 
were incubated with alkaline phosphatase-conjugated anti- 
dAgoxigenin antibody (diluted 1:5000 in 03% blocking reagent, 
Roche Diagnostics) for 2 h, and the hybridization was detected bv 
BOP/NBT. 7 
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Antibodies 

or^ C v mOn0clQnal omibodics ^-2-line tjtin (anti-titin, clone 
>£l '-5^ 81,(3 anti_zcu « inatin ' clone rnabOO, IgG2a ; Maher et aL 
1985, Tumacioglu et aL, 1997) and anti-sarcomeric myosin heavy" 
chain (done MF20, IgG2b; Bader et aL. 1982) were obtained from 
the Developmental Studies Hybridoma Bank (fowa City, IA). The 
monoclonal antibodies anti-smooth muscle a-actin (clone 1A4 
IgG2a, Skslli st al.. 1986), anti-sarcomexic *.actin (clone 5C5, IgM) 
and ami-sareomcric a-actinin (done EA53, IgGl) were purchased 
from Sigma. The polyclonal anti-pan-actinin (rabbit IgG) was 
kindly donated by Dr. Imanaka (Mie, Japan, rmanaka. 1988). For 
double immunordstochemistry, we used FTTC-conjugated goat 
anti-mouse IgG2g, RITC-conjugated goat anti-mouse IgC2a, FTTC- 
conjugated goat anti-mouse IgGl, FrTOconjugated goat anti- 
mouse IgG2b, and RITC-conjugatcd goat anti-mouse IgM (Southern 
Biotechnology Associates Co.) as secondary antibodies. Affinity- 
purified RITC-conjugated goat anti-rabbit IgG was purchased from 
CappeL 

Indirect Immunofluorescence Microscopy 

Immunohistochemistry was performed as described by Naka- 
jima et al. [\997). Cultures were drained of medium, rinsed with 
PBS, fixed with 4% paxafbrmaldehydc/PBS fox 30 min at room 
temperature, then rinsed with PBS. Specimens were blocked for 1 h 
with 1 % BSA/PBS containing 0,1% Triton x-100, incubated with 
primary antibody (or primary antibody mixture) at 4°C overnight, 
rinsed with PBS, then incubated with P1TC- ox RJtTC-con|ugated 
secondary antibody (or secondary antibody mixture) for I h at room 
temperature. Some specimens were stained with FITC- or RTTC- 
phaUoidin (Sigma). Samples were observed under the fluorescence 
microscope by using narrow-band minor units fU-MNIBA and 
U-MNG, Olympus). 



RESULTS 

Conditioned Medium from noggin-Transfected 
COS7 Cells Inhibits Cardiogenesis in Cultured 
Stage 4 Precardiac ME 

La the present paper, we used a conditioned medium 
obtained from COS7 cells transfected with Xenopas noggin 
cDNA as a source of noggin protein (Tonegawa and Taka- 
hashi, 1998). Therefore, it was necessary first to examine 
whether the noggin-conditioned medium had the physio- 
logical ability to inhibit BMP sigrialing during cardiogenesis 
in culture. When stage 4 precardiac ME was cultured in 
DMEM containing 10% FBS or in conditioned medium 
from COS7 cells transfected with vector alone (Mock), the 
central region of the explant became circumscribed by a 
defined border within which cardiac myocytes beat rhyth- 
mically after 48 h in culture (87% and 86% in stage 4 
cxplants cultured in DMEM/10%FBS and Mock, respec- 
tively, Fig X), In contrast, explants cultured in noggin 
showed a flat and epithelial-like structure, and only 6% of 
explants from stage 4 embryos generated beating tissues. 
Hiis inhibitory effect was reversed by the addition of 
recombinant BMP4 to the conditioned medium c<mtaining 
noggin (Fig. 1). 
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Stage 4 ME 




34 48 (h) 

Noggin 

+8MP4 

FIG. 1, Inhibition by noggin of the formation of a bearing exp W 
in precardiac ME. Stage 4 precardiac ME was cultured in DMEM/ 
10% FBS, in conditioned medium from COS7 cells transacted with 
vector alone (Mock), or in conditioned medium from COS7 cells 
transfected with Xeaopus noggin cDNA (Noggin), After 48 h, 
almost alt precardiac ME cultured in DMEM or Mock generated 
beating tiasuc. On the other hand, only 6% of explants generated 
beating tissue when cultured in noggin. When explants were 
cultured in noggin plus 500 ng/ml BMP4 (Noggin + BMP4J, the 
percentage generating beating tissue was similar to that seen when 
explants were cultured in DMEM (no statistical difference). An 
asterisk (*) indicates a value significantly different from other 
culture conditions [P < 0.01, Fisher's exact test), n, number of 
explants tested. 



Next, we used in situ hybridization and examined 
whether or not the explants expressed the cardiac-specific 
marker genes, Nkx-2.5 and GATA4, because it has been 
reported that the expression of these genes is induced by 
BMP and inhibited by noggin in cultured precardiac ME 
(Schultheiss et al„ 1997). As shown in Fig. 2, 100% of stage 
4 precardiac ME explants cultured in DMEM or Mock 
expressed both Nkx-2.5 and GATA4 after 48 h of incuba^ 
tion. On the other hand, explants treated with noggin did 
not express Nkx-2.5 to any appreciable extent (19% of 
explants exhibited a weak signal for and GATA4 

expression was completely suppressed (Fig. 2). These results 
(Figs. 1 and 2) indicated that conditioned medium obtained 
from COS7 cells that had been transfected with Xenopus 
noggin cDNA did indeed neutralize BMP2/4 signaling dur- 
ing chick cardiogenesis in culture. 

Early Myofibrillogenesis Li Completed by 48 h in 
Cultured Stage 4 Precardiac ME 

Before investigating the effect of noggin on the initial 
cardiac myofibrillogenesis, we carried out an imrnunohis- 
tochemical analysis of sarcomeric proteins in cultured stage 
4 precardiac ME. Presumptive heart-forming ME was re- 
sected from stage 4 chick embryos and cultured in medium 
containing 10% FBS on plastic, with the resulting explant 
being fixed and double-stained with monoclonal antibodies 
against sarcomeric ot-actinin (clone EA53), Z-line titin 



(clone 9D10 or mab20), smooth muscle a-actin (clone 1 A4) 
and sarcomeric myosin (clone MF20). After 6-8 h in cul- 
ture, there was no detectable staining for these sarcomeric 
proteins (data not shown). After 20 h in culture, tiny 
bead-like depositions of sarcomeric o>actLnin were observed 
along the rhoa^mine-phaUoidin-reactive F-actin, terminat- 
ing at the epithelial-like cell borders (Fig. 3A). Sarcomeric 
o^-actinin and F-actin were also present around the circum- 
ference at the cell-cell interfaces. At this time, no apparent 
sarcomeric structure was detected by using rhodarnine- 
phalloidin staining. The N terminus domain of titin (Z-Une 



% expression of heart markers (48h) 
Nkx-2.5 GATA4 




Culture 


% expression of 


conditions 


heart markers (48h) 




Nkx-2.5 


QATA4 


DMEM 


100%(n=34) 


100% (29) 


Mock 


100% (n=1S) 


100% (17) 


Noggin 


19% (16)' 


0% (10) 



FIG. 2. Stage 4 precardiac ME treated with noggin did not express 
heart marker genes. Stage 4 precardiac ME was cultured in DMEM/ 
10% FBS with or without noggin. After 48 h, cultures were fixed 
and subjected to whole-mount in situ hybridization for Nkx-2.5 
and GATA4, Among explants cultured in DMEM or Mock, 100% 
expressed Nkx-2.5 and GATA4 (arrowheads in A-D). JExplants 
treated with noggin did not show heart marker genes to any 
appreciable extent (fc, F). *, 19% of explants treated with noggin 
showed a weak signal for Nkx-2.5, slightly above sense control (not 
shown). Bar, 250 j*m* 
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proteins we examined were incorporated into mature myofibrils exhibiting sarcomeres (E-HJ Bar 10^i sarcomeric 



titin) was colocalized with the bead-like depositions of 
sarcomeric or-actinin (fig, 3BJ. Smooth muscle a-acrin was 
distributed as a stress fiber-like structure, and it was colo- 
calized with sarcomeric o>actinin (Fig. 3C). Indeed, the 
cellular distribution of smooth muscle a-actin was coinci- 



dent with that of phalloidin -reactive F-actin (not shown). 
The migrating mesenchymal cells surrounding the explain 
also expressed smooth muscle a-actin (not shown, presum- 
ably endocardial cushion mesenchymal cells; Nakajirna er 
cd. w 1997). Interestingly, there was no detectable sfcuiiingfor 
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sarcomeric cr-actin (clone 5C5) in cultured stage 4 precar- 
diac legions at around 20 h in incubation (not shown). 
Sarcomeric myosin (MF20J was distributed as a diffuse 
staining pattern in those cells within which bead-like 
sarcomeric a-actinin was observed (Fig. 3D). After 48 h in 
culture, although more than 80% of sarcomeric a-actinin, 
titin, and smooth muscle a-actin were incorporated into 
mature striated myofibrils, 52% of sarcomeric myosin was 
found as a sarcomeric pattern |Figs. 3B^3H ; see Fig. S). This 
immunoMstochemical analysis of sarcomeric proteins in 
the cultured precardiac region made clear that an initial 
I-Z-I structure consisting of sarcomeric a-actinin, titin, and 
smooth muscle oe-actin was generated by 20 h in culture and 
completed at around 48 h, and it appeared to be assembled 
independently of the diffusely distributed sarcomeric myo- 
sin at the onset of myofibrillogenesis. These results indi- 
cated that the antibodies against sarcomeric proteins we 
used can be expected to be reliable markers for the examU 
nation of early myoflbrillggenesia in cultured precardiac 
MB. 



Noggin Inhibits the formation of Initial 
Myofibrillogenesis in Cultured Precardiac ME 

To examine the role of BMP in the initial myofibrillogen- 
esis of the developing chick heart, fluorescent immunohis^ 
tochemical staining of the ahnementioned sarcomeric pro- 
teins was performed against cultured stage 4 or 5 precardiac 
ME that had been incubated in noggin. When stage 4 
precardiac ME was cultured in noggin, only 6% of explants 
had started to beat after 48 h in culture. In such explants, 
the expressions of sarcomeric a-actinin and titin were 
inhibited significantly (by comparison with those to ex- 
plants cultured in DMEM/10% FBS or Mock) (Figs. 4 and 5)> 
Tiny bead^like depositions of anti-panactinin immunorcac- 
tivity were observed in all cell types grown in explants 
treated with noggin (not shown). Most explants treated 
with noggin plus recombinant BMP4 protein (500 ng/ml) 
behaved in a manner similar to those cultured in DMEM/ 
10% FBS (Fisher's exact test; data not shown): i.e., they beat 
spontaneously (Fig. 1) and expressed sarcomeric a-actinin 
assembled into ZJines (not shown). In contrast, smooth 
muscle Qf-actin was expressed in 92% of explant6 treated 
with noggin; however, only 17% of these explants showed 
sarcomeric staining for smooth muscle a-actin (Figs. 4 and 
5). Sarcomeric myosin was not detectable in explants 
treated with noggin (Figs. 4 and 5). Stage 5 precardiac ME 
treated with noggin generated an I-Z-I structure (consisting 
of sarcomeric a-actinin, titin, and smooth muscle a-actin) 
of a type similar to that seen in control cultures after 48 h. 
Although stage 5 explants treated with noggin expressed 
sarcomeric myosin with an incidence of 93%, only 22% of 
explants incorporated the sarcomeric myosin into A-bands 
in this culture condition (Figs. 4 and S). TTiesc results 
indicate that, in stage 4 precardiac ME, noggin inhibited the 
expression of sarcomeric a-actinin, titin, and sarcomeric 
myosin, but not that of smooth muscle a-actin, thus 
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perturbing the initial myofibrillogenesis. On this basis, it is 
hypothesized that at least two signaling pathways are 
involved in the initial myofibrillogenesis. In stage 5 precar- 
diac ME, noggin inhibited the formation of A-bands even 
though sarcomeric myosin was expressed, but it did not 
inhibit the formation of the I-Z-I components, suggesting 
that BMP induces formation of A-bands and I-Z-I compo- 
nents differentially, in a stage-dependent manner. 

Recombinant BMP4 Induces Expressions of 
Sarcomeric oe-Actiwn, Titin, and Sarcomeric 
Myosin in Stage 6 Noncardiogenic Mesoderm 

To try to find support for the above hypothesis, we next 
examined whether BMP induces an expression of sarco- 
meric proteins in noncardiogenic mesoderm obtained from 
stage 6 posterolateral mesoderm, which gives rise to blood 
cells in vivo. We cultured stage 6 posterolateral mesoderm 
explants with or without recombinant BMP (BMP4 or -2) for 
48 h, and stained them with antibodies against sarcomeric 
proteins. When posterolateral mesoderm was cultured 
without BMP, but with supplementary FBS, no apparent 
staining for sarcomeric a-actinin, titin, or sarcomeric myo- 
sin was observed, but smooth muscle a-actin was expressed 
(Fig. 6} Table 1). On the other hand, when it was cultured in 
DMEM + FBS supplemented with 500 ng/ml of recombi- 
nant BMP4 (Table 1) or in serum-free defined medium 
supplemented with a similar amount of recombinant 
BMP4, some cells did express sarcomeric a-actinin, titin, 
and sarcomeric myosin (Fig. 6 ; Table 1). Sarcomeric 
a-actinin and titin were deposited as tiny beads, and there 
was no apparent striation, at around 48 h in culture (Fig. 6), 
while sarcomeric myosin was distributed as a diffuse stain- 
ing, and never showed striation (Fig. 6). Smooth muscle 
a-actin was expressed extensively and was coincident with 
F-actin in explants cultured with or without BMP (Fig. 6 ; 
Table 1). There was no detectable stidning of sarcomeric 
a-actin after 48 h in culture (not shown). After an additional 
24 h (total, 72 h in culture), some cells in the posterolateral 
mesoderm treated with BMP4 generated mature myofibrils 
with striations (not shown). Surprisingly, when similar 
posterolateral mesoderm was cultured in defined medium 
supplemented with BMP2, some 30-40% of explants 
expressed sarcomeric a-actinin and Z-line titin, but sar- 
comeric myosin was not expressed after 48 h in culture 
(Table 1). 

We next examined whether such BMP4-treated noncar- 
diogenic mesoderm expressed cardiac- specific marker 
genes. PCR amplification showed that explants treated 
with BMP4 expressed the cardiac muscle-related genes, 
sarcomeric a-actinin, Nkx-2.5, and GATA4, but not MyoD 
(Fig. 71 In contrast, explants cultured in DMEM/10% FBS 
without BMP4 did not express sarcomeric a-actinin, 
GATA4, or MyoD; however, they expressed Nkx-2.5 (Fig. 
7). Hie expression of Nkx-2.5 in explants cultured without 
BMP is not entirely surprising, because several nonmuscle 
tissues express Nkx-2.5 at the mRNA and protein levels 
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during development (Kasahara et al t 1998). The above 
results indicate that while BMP4 induces expression* of 
cardiac-specific genes in cultured noncardiogenic meso- 
derm, smooth muscle <*actin (the isoform of cr-actin ini- 



tially expressed in early cardiogenesis) is expressed indepen- 
dently of BMP. Thus, these results support the hypothesis 
that at least two signaling pathways are involved in the 
initial myofibrillogenesis in the heart; one is an unknown 
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FIG. 5. Percentage incidence obtained for the expression of sar- 
comere proteins and the formation of striation in cultured precar- 
diac ME with oi without noggin. In stage 4 precardiac ME, noggin 
inhibited the expressions of sarcomenc a-actinin, Z-line titin, and 
sarcomeric myosin, but not chat of smooth muscle a-actra. In stage 
5 precardiac ME, noggin did not inhibit the formation of I-ZJ 
components, but it did inhibit the formation of A-bands, even 
though there was a positive expression of sarcomeric myosin. 



type of signaling responsible for the expression of smooth 
muscle c*-actin, the other is the BMP signaling involved in 
the expression of sarcomeric a-actinin, titin, and sarco- 
meric myosin. 



DISCUSSION 

Heart Specification and Determination Occur 
during Gastrulation in Chick 

During organogenesis, at least two levels of developmen- 
tal commitment have been identified, viz. specification and 
determination (Slack, 1991). The riming of cardiac myocyte 
specification has been investigated in both amphibians and 
birds. In urodeles, cardiac specification occurs at around the 
neurula to tail-bnd stage (Jacobson and Duncan, 1968), 
while in Xenopus, specification is highly committed by the 
end of gastrulation [Jacobson, 1961; Sater and Jacobson, 
1989). In the chick, precardiac tissue is not yet specified in 
the epiblast or in the stage 3 primitive streak (Holtzer et al, 
1990; magald et oi. 1993, Yatsirievych et ol, 1997). Later, 
in the primitive streak of the stage 3-4 chick embryo, 
presumptive heart cells are specified at the tissue level 
(Gonzalez-Sanchez and Bader, 1990; Holtzer, et ah, 1990; 
Montgomomery, et al„ 1994), but they are not highly 
specified at the individual cell level (Montgomery et al., 
1994 } Schultheiss and Lassar, 1999). Thereafter, precardiac 
cells originating from the primitive streak migrate into the 
anterior lateral region, and during this process they become 
highly specified to a heart lineage by stage 4+ ( Antin et al., 
1994; Montogomery et aU 1994; Gannon and Bader, 1995). 
In our r^eriments, cultured stage 4 precardiac ME that had 
differentiated to cardiomyocytes expressing the early car- 
diac marker genes, Nkx-2.5 and GATA4, were associated 
with sarcomeres after 48 h in culture. In contrast, stage 4 
precardiac ME cultured in noggin did not express early 
cardiac marker genes, and they never generated sarcomeres. 
In addition, stage 5 precardiac ME treated with noggin 
generated I-Z-I components and expressed sarcomeric myo- 
sin, but it did not generate A-ban± It has been reported that 
newly gastrulated cardiac progenitors (stage 4-6) were 
blocked in their differentiation by bromodeoxyuridine 
(BrdU), whereas later-staged progenitors (stage 7-8) were 
not (Montgomery et al„ 1994). Taken together, the progeni- 
tor cells of chick cardiac myocytes might be specified 
during gastrulation and then determined by stage 7-8. 

BM3? Acts Not Only Instructively, but Also 
Permis&ively in Early Cbick Cardiogenesis 

En cultured stage 4 precardiac ME, noggin inhibited not 
only the expression of early heart markers, but also the 
expression of sarcomeric proteins, and so it perturbed the 
initial myofibrillogenesis. In stage 5 precardiac ME, noggin 
did not inhibit the formation of I-Z-I components, but it did 
inhibit the formation of A-bands r even though there was a 
positive expression of sarcomeric myosin. It has been re- 
ported in the stage 6 chick embryo that implantation of 
BMP2-soaked beads into the anterior medial mesoderm 
(noncardiogenic region) can induce ectopic expressions of 
Nkx-2.5 and GATA4, and that similar regions cultured 
with BMP2 or -4 can undergo full cardiac differentiation 
(Schultheiss et al, 1997, Andree et al., 1998). We further 
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Ba^H^ Pontage uuateu* obtained for the expression of sarcomere protri™ is given in Tablei. 



showed that recombinant BMP4 was capable of committing 
stage 6 posterolateral mesoderm [noncardiac mesoderm] to 
a cardiomyocyte lineage, mature myofibrils associated with 
sarcomeres being assembled by 71 h in culture. Despite the 
s^uficance of BMP signaling in cardiac myofibrillogenesis, 
BMP alone or BMP in combination with FGF4 fail to induce 
myogenesis in the cultured pregastrula chick epiblast {Ladd 
st al. t 199BI and isolated precardiac mesoderm from stage 
4+ -5 embryos gives rise to beating myocytes without the 
addition of BMP protein (Gonzale^Sanchez and Bader, 
1990,- Antin et al, 1994; our unpublished observations) In 



Xenopus cardiogenesis, BMPs are required for terminal 
myocyte differentiation as well as maintaining early tran- 
scriptional regulations of cardiac fate (Walters et al t 1001). 
Consideration of the above evidences, taken together, sug- 
gested strongly to us that a transient exposure to BMP 
signals during gastrulation may be necessary to induce 
cardiac differentiation in competent tissue (Ladd et ah, 
1998), and that the inducing ability of the BMP signal is 
probably not only "instructive" (influencing lineage deci- 
sions in the responding tissue), but also "permissive" (pro- 
moting differentiation of already committed precardiac 
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TABUB 1 

Significance of Bone Mofphogeaetic Frotein-4 Function in the Initial Myofibrilloflenesis of Chick Carmogexicsis 



Culture conditions 



% expression of sarccanenc proteins (after 48 h) 



Sarco a-actinin 



Z-line titin 



SM o-actin 



Sarco myosin 



DMEM/10% FBS 

DMEM/10% PBS + BMP4 [500 ng/ml) 
Defined medium , 
Defined medium + BMP4 (500 ng/ml) 
Denned medium + BMW {500 ng/ml) 



0|n = 
82(11} 

0(10) 
44(16) 
30 (20) 



10) 



0(10) 
100 (12f 

0(11) 
54 [11} 
40(10) 



100(8) 

100(11) 

100(10) 

100(16) 

100(19) 



0(10) 
91 111) 
0(11) 
29(17) 
0(19) 



m ^JTfT^T ^ ^ ^ ieSfil0TI ° f smotn ^ P rotein * ™* detected in stage 6 posterolateral mesoderm (noncaitWnic 
nX^n ^T^™ MnT^fi ™ f 10 ^ ^° te that whcn t"*™ wer * ^Itured in defined medium suppicm^ed with 
BMP4(500n^ml) + S GF4 (200 ntfal], 93% (14/15) of cxplants expressed sarcomeric ^ctminand88% (7/8) exposed sarc^wric ^acdn* 
however, expats treated with BMF4 alone didnot^^ 



myocytes). In other words, BMP signaling lies upstream of 
both the expression of early heart marker genes and the 
initial myofibrillogenesis that takes place immediately af- 
ter the gaatrula stage. 

BMP Regulates the Formation of I-Z-I Components 
and A-Bands Separately, in a Stage-Dependent 
Manner 

As already mentioned, our results showed that initial 
heart myofibrillogenesis was inhibited by exogenously ap- 



BMP4 



Sarcomeric 
a-actinln 




FIG, 7. BMP4 induced expression of cardiac marker genes in 
cultured posterolateral mesoderm (noncardiogenic mesoderm). 
Stage 6 posterolateral mesoderm was cultured in DMEM/JFBS with 
or without BMP4. After 48 h in culture, cultures were subjected to 
PCR amplification (sec Materials and Methods). PCR amplification 
showed that cxplants treated with BMP4 expressed sarcomeric 
a-actinin, Nfcx-2,5, and GATA4, but not the skeletal muscle gene 
MyoD. Cells cultured in DMEM/10% FBS without BMP expressed 
only Nkx-2.5. GAPDH, the normalization control, was expressed 
equally under all culture conditions. GAPDH was not detected in 
any sample in the absence of reverse transcriptase f RT- h 



plied noggin protein. In cultured stage 4 precardiac ME, 
noggin inhibited the formation of I-Z-I components (con- 
sisting of sarcomeric a-actinin, Z-line titin, and smooth 
muscle tt-actin) and of A-bands (thick filaments of sarco- 
meric myosin). However, in cultured stage 5 precardiac ME, 
noggin perturbed the formation only of A-bands, even 
though a positive expression of sarcomeric myosin was 
present at this stage. Furthermore, when stage. 6 posterolat- 
eral mesoderm [noncardiogenic mesoderm) was cultured 
with BMP4, the cells expressed sarcomeric a-actinin, Z-line 
titin, and sarcomeric myosin. In contrast, when similarly 
prepared posterolateral mesoderm were cultured in BMP2, 
an expression of sarcomeric myosin was not induced, even 
though the I-Z-I components were expressed in a manner 
similar to that seen in explants cultured in BMP4. In the 
cardiac myofibrillogenesis we observed in cultured stage 4 
precardiac ME, the I-Z-I components of the nascent myofi- 
brils consisted of periodic tiny bead-like deposits of sarco- 
meric o^actinin/titin and thin filaments of smooth muscle 
a-actin, whereas the sarcomeric myosin was still distrib- 
uted diffusely throughout the cell. This suggests that iso- 
lated I-Z-I components and thick filaments of sarcomeric 
myosin are organized independently, and then assembled at 
a later stage (Hill et oh, 1986; Tokuyasu and Maher, IP87; 
Furst et ol M 1989,- Schultheiss et al.> 1990; Lu et al, 1992; 
Ehler et ah, 1999). Taking our present results together with 
those published by others leads us to conclude that BMP 
functions upstream of the initial myofibrillogenesis in early 
cardiogenesis, and that they regulate the formation of I-Z-I 
components and A-bands separately, in a stage-dependent 
manner. Our results also suggest that, in cardiac myofibril- 
logenesis, the BMP4 function is more powerful than that of 
BMP2, as BMP4 induced an expression of sarcomeric myo- 
sin as well as an expression of I-Z-I components in postero- 
lateral mesoderm (whereas BMP2 failed to induce sarco- 
meric myosin)* One possibility is that at the onset of 
myofibrillogenesis in vivo, BMF4 and -2 act syncrgistically 
to induce the formation of I-Z-I components, and then 
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BMP* stimulates/maintains the expression of both i-Z-I 
components and A-bands. 



At Least Two Signaling Pathways Lie Upstream of 
Initial MyofibriUogenesis 

In cultured stage 4 precardiac ME, noggin inhibited the 
expressions of sarcomeric a-actinin y titin, and sarcomeric 
myosin, but not that of the earliest a-actin isoform, smooth 
muscle a-actin. Furthermore, recombinant BMP4 induced 
expressions of sarcomeric a-actinin, titin, and sarcomeric 
myosin in cultured stage 6 posterolateral mesoderm, while 
BMP2 induced the expressions of sarcomeric a-actinin and 
titin, but not of sarcomeric myosin in similarly prepared 
noncardiogenic mesoderm. In contrast, smooth muscle 
a-actin was expressed spontaneously, without the addition 
of BMP4. It has been Kiported that SMP2 plus FGF4 is 
needed to induce full cardiac differentiation (a bearing heart 
with expression of sarcomeric a-actinj in cultured stage 6 
posterolateral mesoderm (Lough et al., \ 996). Our results do 
not contradict this data, because 93% of stage 6 posterolat- 
eral mesoderm explants cultured with BMP4 plus FGF4 
expressed sarcomeric <*actinin and 88% expressed saco- 
meric A-actin after 48 h in culture (data not shown) (when 
the similar regions were cultured with BMP4 alone, 44% of 
the explants expressed sarcomeric a-actinin but they did 
not express sacomeric <*actin|. To judge from these two 
sets of results (1 J BMP appear to commit the noncardiogeruc 
mesoderm to a cardiac lineage and induce cariomyocytc 
differentiation (Walters et aL, 2001), while FGF4 stimulates 
its proliferation or makes its terrninal differentiation occur 
more rapidly (Sugi et al., 1993, Sugi and Lougji, 1995), and 
(2) BMP4 appears to be a more powerful inducer for cardiac 
myofibriUogenesis than BMP2. Schultheiss el al. (1995, 
1997) reported that while anterior endodcxm induces the 
generation of a heart from the posterior primitive streak 
[noncardiogenic region), BMP cannot induce cardiogeneais 
in this region. They therefore proposed two signals for heart 
induction: unknown signals from the anterior endoderm 
seem to need to combine with BMP signaling to commit the 
presumptive heart-foiirung mesoderm to differentiate into a 
heart. Marvin et aL (2000) reported that inhibition of Wnt 
signaling promotes heart formation in the anterior lateral 
mesoderm, whereas active signaling in the posterior lateral 
mesoderm promotes blood development Therefore, they 
proposed a model in which two orthogonal gradients, one of 
Wnt activity along the anterior-posterior axis and the other 
of BMP signals along the dorsal-ventral axis, intersect in 
the hcjart-forrning region to induce cardiogenesis in a region 
of high BMP and low Wnt activity. Our explant-culture 
experiments followed by irnmunostaining for sarcomeric 
proteins suggest that at least two signaling pathways are 
required for the initiation of myofibriUogencsis in compe- 
tent mesodermal cells during gastrulation; one is BMP- 
related signaling (involved in the expression of sarcomeric 
a-actinin, titin, and sarcomeric myosin), and the other is an 
unknown signaling that lies upstream of smooth muscle 



a-actin. A realistic candidate molecule for the unknown 
signal may be activin/TGFfl because (1) it has been reported 
that BMP signaling lies downstream of an activin/rGF/3 
signal in the cardiac myogenesis pathway (Ladd et al 1998) 
and (2) XTC/MIF (activin) has been found to induce the 
ventrolateral mesoderm to express smooth muscle a-actin 
in a Xenopus animal cap assay (Saint-Jeannet et al., 1992). 
In addition, two discrete signaling interactions regulating 
cardiomyogencsis have been proposed in the early avian 
embryo: one is derived from the hypoblast and acts on the 
epiblast, while the other is secreted by the anterior 
endoderm and acts on the anterior lateral mesoderm. These 
signaling interactions arc mimicked by activin/TGF0 and 
BMP, respectively (Lough et aL, 1996; Schultheiss et aL, 
1997-, Ladd et <tL, 1998). Further experiments will he neces- 
sary to identify the unknown signaling moleculefsj that 
Up-regulate the expression of smooth muscle a-actin and 
act synergistically with BMP to trigger the initial myofibril- 
logenesis. 

In summary, we cultured precardiac ME with or without 
noggin followed by irnmunostaining for sarcomeric pro- 
teins, and revealed that (1) heart specification and determi- 
nation occur during gastrulation in the chick embryo, (2) 
BMP acts not only instructively, but also permisaively in 
early chick cardiogenesis, (3) the BMP function lies up- 
stream of the initial myofibrillogenesis, and it regulates the 
formation of I-Z-I components and A-bands separately, in a 
stage-dependent manner, and (4) in addition to BMP, an- 
other unknown signaling pathways) responsible for the 
expression of smooth muscle a-actin is involved in the 
initial heart myofibrillogenesis* 
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De Novo Crypt Formation and 

Juvenile Polyposis on BMP 
Inhibition in Mouse Intestine 

Anna-Pavlina C. Haramis. 1 Harry Begthel, 1 
Maaike van den Born, 1 Johan van Es, 1 Suzanne Jonkheer, 1 
G. Johan A. Offerhaus, 2 Hans Clevers 1 * 

Little is known about the signaling mechanisms that determine the highly 
regular patterning of the intestinal epithelium into crypts and villi. With the use 
of mouse models, we show that bone morphogenetic protein (BMP)- 4 expres- 
sion occurs exclusively in the intravillus mesenchyme. Villus epithelial cells 
respond to the BMP signal. Inhibition of BMP signaling by transgenic expression 
of noggin results in the formation of numerous ectopic crypt units perpendicular 
to the crypt-villus axis. These changes phenocopy the intestinal histopathology 
of patients with the cancer predisposition syndrome juvenile polyposis (JP), 
including the frequent occurrence of intraepithelial neoplasia. Many JP cases are 
known to harbor mutations in BMP pathway genes. These data indicate that 
intestinal BMP signaling represses de novo crypt formation and polyp growth. 



Juvenile polyposis (IP) is an autosomal- 
dominant, gastrointestinal polyposis syn- 
drome (/), Germline mutations in SMAD4. 
(homolog of the Drosophila gene mothers 
against decapentaplegic) have been found in 
a subset of JP patients (2 y 5). Smad4 is an 
intracellular signal transducing transcription 
factor shared by the transforming growth fac- 
tor p, activin and BMP pathways (4). More 
recently, mutations in the gene encoding the 
BMP receptor type IA (BMPRIA) have been 
found in some JP patients who were wild- 
type for SMAD4 (5), implying a role for the 
BMP pathway in the pathogenesis of JP and, 
by inference, in the physiology of the intes- 
tine. Targeted disruption of BMP2, BMP4, 
and BMPR types IA and II in mice all lead to 
embryonic lethality (6-9). Similarly, mice 
deficient for the soluble BMP inhibitors nog- 
gin and gremlin die at birth (10- 1 2). 

To address the role of BMP signaling during 
intestine development and function, we first 
determined expression of bmp4 message and 
protein during development. It has been report- 
ed that, in the early developing mouse intestine, 
bmp4 message is expressed uniformly in the 
mesenchymal layer before folding of the epi- 
thelium (13). We examined bmp4 expression at 
embryonic days (El 5.5 to El 8.5) when villus 
formation is underway and found that bmp4 
message is expressed at high levels in the in- 
travillus mesenchyme of nascent villi but not in 
the mesenchyme underlying the proliferative 
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intervillus epithelial pockets, which are the pre- 
cursors of the crypts of Lieberkuhn (14). At 
postnatal day 28 (P28) when the crypts have 
reached their mature form, BMP4 protein ex- 
pression was strong in the intravillus mesen- 
chyme (Fig. IA). Phosphorylation and nuclear 
translocation of BMP-associated Smads 1, 5, 
and 8 [the hallmark of active BMP signaling 
(15 f 16)] was observed predominantly in dif- 
ferentiated villus epithelial cells (Fig. 1C), in- 
dicating that paracrine BMP signaling occurs 
specifically in the villus from the mesenchyme 
to the adjacent epithelium. 



Fig. 1. Villus epitheli- 
al cells in the mouse 
intestine respond to 
mesenchymal BMP sig- 
naling. (A) Expression 
of BMP4 protein is de- 
tected in the intravillus 
mesenchyme of adult 
wild-type (wt) mice. 
(B) Transgenic ex- 
pression of Xenopus 
noggin (X-nog) inhib- 
its BMP signaling. In 
situ hybridization 
with a transgene- 
specific riboprobe re- 
veals that the Xeno- 
pus noggin mRNA is 
expressed by intesti- 
nal epithelial cells in 
adult mice. (C) Immu- 
noreactivity to phos- 
phoryiated Smadl, 5, 
and 8 proteins (P- 
Smad) reveals nuclear 
staining in wt villus ep- 
ithelial cells. (D) In 
noggin-transgenic in- 
testines, immunoreac- 
tivity to phospho-Smadl 



To investigate the role of BMP signaling 
in intestinal homeostasis, we generated trans- 
genic mice expressing a Xenopus cDNA en- 
coding the BMP inhibitor noggin (X-noggin) 
(7 7) under control of the mouse villin gene 
promoter. This promoter drives expression 
throughout the intestinal epithelium and be- 
comes fully active during late gestation (18). 
In situ hybridization with a transgene-specific 
riboprobe revealed that X-noggin (19) was 
indeed expressed in the intestinal epithelium 
of adult transgenic mice (Fig. IB). Immuno- 
reactivity to phosphorylated Smad 1, 5, and 8 
was almost entirely absent in X-noggin- 
transgenic intestines (Fig. ID), demonstrating 
the effectiveness of the inhibition of BMP 
signaling by exogenous noggin. 

At 3 months of age, transgenic animals 
of all three generated lines displayed iden- 
tical architectural abnormalities throughout 
the small intestine with complete pen- 
etrance. One line was further characterized. 
No morphological alterations were detected 
in the intestines of newborns and animals 
up to 3 weeks old (14). We first noticed 
subtle abnormalities in the small intestine 
of 4-week-old animals, when the shallow 
proliferative intervillus pockets are being 
replaced by adult crypts of Lieberkuhn, 
which extend downward toward the muscu- 
lar is mucosae of the intestine. The villi in 
the transgenics were broad-based with 
blunted tips. Abnormal epithelial invagina- 
tions were seen alongside the villi that 
contained proliferative Ki-67-positive cells 
(Fig. 2B) and expressed crypt-specific 
genes such as the Wnt signaling targets 




w y , , 5, and 8 is almost absent in epithelial cells. Arrowhead indicates a positive 

mesenchymal celL tg, noggin-transgenic Scale bars indicate 0.1 mm in (A) and (B) and 25 u-m in (C) and (D). 
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c-myc (20), (fig. SIB) and EphB3 (see be- 
low). These invaginations appeared to be 
capable of developing into complete ectop- 
ic crypt-villus units that established polar- 
ity and a new crypt-villus axis, which was 
often perpendicular to the original axis. 
The aberrant units comprised a defined pro- 



Fig. 2. The intestinal his- 
topathotogy of noggirv 
transgenic mice resem- 
bles that of humans 
with JP. (A) Section of 
wt mouse intestine 
stained with K67. Ki67- 
positive epithelial cells 
are confined to the pro- 
liferative compartment 
of the crypts. (B) Section 
of noggin-transgenic in- 
testine stained with 
Ki67. Ectopic epithelial 
invaginations contain 
proliferative cells and 
gjve rise to ectopic crypt 
villus units. (C) Section 
of the small intestine of 
a noggin-transgenic 
mouse stained with he- 
matoxylin and eosin 
(H&E), showing the 
presence of abnormal 
crypt-villus units, cystic 
dilated crypts (c), and 
numerous crypts dis- 
persed in the stroma. 
(D) Excision of an intes- 
tinal polyp from a hu- 
man JP patient stained 
with H&E, showing the 
branching and budding 
of the intestinal epithe- 
lium and the dilated 
cysts (c). (E) Ki67 
staining of a noggin- 
transgenic intestine 
showing an ectopic 
crypt-villus unit with a 
proliferative compart- 
ment The epithelium 
lining the cyst contains 
proliferating cells. (F) 



liferative compartment as revealed by Ki67 
immunostaining (Fig. 2E) and contained 
differentiated Paneth cells at their base as 
evidenced by staining for the receptor ty- 
rosine kinase EphB3 (21) and lysozyme 
(fig. SI, C to F). Epithelial differentiation 
in the ectopic crypt-villus units appeared 






K\67 staining of a human JP polyp. Abnormally positioned crypts contain proliferating cells. Black 
arrowheads in (B) to (F) indicate ectopic epithelial invaginations; white arrowheads indicate dispersed 
crypts in the stroma. Scale bar, 0.1 mm in (A) to (D) and 25 u,m in (E) and (F). 






Fig. 3. Foci of dysplastic epithelium and adenomatous changes in polyps of 7-month-old noggin- 
transgenic mice. (A) 0-catenin (p-cat) staining of an intestinal adenoma of a 7-month-old 
transgenic mouse. (B) Enlargement of the boxed area in (A). High levels of cytoplasmic and nuclear 
p-catenin are observed in the adenoma. Scale bar, 1 mm in (A) and 20 jxm in (B). 



grossly normal, because goblet cells, en- 
terocytes, and enteroendocrine cells were 
present in near-normal numbers (14), 

At later stages, invaginations and ramifi- 
cations of the intestinal epithelium extended 
from these proliferative foci deep into the 
villi, resulting in a complex architecture of 
branching villi with dilated cysts as the char- 
acteristic feature of the polyps observed in 
3-month-old mice. The cystically dilated 
crypts were often filled with inspissated mu- 
cin and remnants of shed cells and lined by 
flattened epithelium. Lymphoid aggregates 
were sometimes present inside villi, and an 
increase in inflammatory cells was observed 
(Fig. 2C). These features are also seen in 
humans with JP (Fig. 2, D and F). The 
branching and budding of the intestinal epi- 
thelium, combined with the dilated cysts and 
reactive inflammatory changes, are particu- 
larly typical of the polyps in JP and discrim- 
inate them from the histopathological chang- 
es seen in familial adenomatous polyposis 
(FAP) and Peutz-Jeghers syndrome (22). 

JP patients have an elevated risk of de- 
veloping gastrointestinal cancers later in 
life (23). To study neoplastic changes in 
our mouse model, we examined the intes- 
tines of 7- and 8-month-old transgenic 
mice. In four of seven aged mice analyzed, 
we observed one or more foci of dysplastic 
epithelium and adenomatous change, in 
which the cells were abnormally arranged 
with an increased nuclear cytoplasmic ratio 
and pseudostratification of the cells. Most 
cells in these adenomatous foci were pro- 
liferating, as assessed by Ki67 staining (fig. 
S2, A and B). The overwhelming majority 
of colorectal cancers in humans initiate 
with activating mutations of the Wnt sig- 
naling cascade, typically targeting the tu- 
mor suppressor protein adenomatous pol- 
yposis coli (APC) (24). The hallmark of 
this mutational transformation is the stabi- 
lization and accumulation of p-catenin. In- 
deed, all adenomatous foci in aged X~nog- 
gin transgenics displayed high levels of 
cytoplasmic and nuclear p-catenin (Fig. 3). 
The cells in the adenomas also expressed 
CD44 (fig. S2, C and D), a target gene of 
the Wnt signaling cascade that is up-regu- 
lated in intestinal adenomas upon loss of 
APC (25). 

Thus, the A^wog^/n-transgenic mice dis- 
played a JP-like phenotype at a relatively 
young age (2 to 3 months), whereas adeno- 
matous polyps frequently developed at a later 
stage (6 to 8 months), recapitulating the syn- 
drome in humans. Smad4 +/ ~ mice were pre- 
viously reported to develop polypous lesions, 
though not as juveniles and without some of 
the pathologic features described above (26). 

It was originally proposed that JP polyps 
develop because of defects in the stroma 
("landscaper" defects) (27). An early study of 
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juvenile polyps gave support to this notion, 
because deletions of the tumor suppressor 
locus 10q22-24 were found in the lamina 
propria and not the epithelium (28). Howev- 
er, in a more recent study, homozygous 
SMAD4 deletions were found specifically in 
the epithelium of JP polyps (29). Similarly, 
loss of the wild-type Smad4 allele was ob- 
served in the epithelium of the inflammatory 
polyps in Smad4 +/ ~ mice (26). In contrast to 
these studies, no consistent loss of heterozy- 
gosity of the BMPRIA gene was observed in 
the stroma or epithelial cells of the JP polyps 
(5), which would argue against a tumor- 
suppressor mechanism. 

We propose that inactivating mutations in 
BMP pathway components primarily affect 
the perception of mesenchymal BMP signals 
by epithelial cells. BMP signaling delimits 
ectopic crypt induction once the orthotopic 
structures have been specified. With loss of 
these inhibitory signals, the epithelial cells 
proceed to establish ectopic crypts, ultimately 
leading to the growth of juvenile polyps and 



to neoplasia. Thus, the "landscaper" defect 
would reflect the disruption of mesenchymal- 
epithelial communication. It is likely that JP 
patients with wild-type SMAD4 and BMPRIA 
genes (2, 30) harbor mutations in other com- 
ponents of the BMP pathway. 
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Erratum 

post date 4 June 2004 




REPORTS; "De novo crypt formation and juvenile polyposis on BMP inhibition in 
mouse intestine" byA.-P. G. Haramis et at (12 Mar. 2004, p. 1684). There was an 
error in Fig. 3. Fig. 3B should be an enlargement of the area boxed in Fig. 3A.The 
corrected figure is shown here. 
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